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ABSTRACT
We study star cluster formation in various environments with different metallicities and
column densities by performing a suite of three-dimensional radiation hydrodynamics
simulations. We find that the photoionization feedback from massive stars controls
the star formation efficiency (SFE) in a star-forming cloud, and its impact sensitively
depends on the gas metallicity Z and initial cloud surface density Σ. At Z = 1 Z,
for instance, the SFE increases from 0.02 to 0.3 with Σ from 10 to 300 Mpc−2. In
low-metallicity cases 10−2−10−1Z, star clusters form from atomic warm gases because
the molecule formation time is not short enough with respect to the cooling or dy-
namical time. In addition, the whole cloud is disrupted more easily by expanding Hii
bubbles which have higher temperature owing to less efficient cooling. With smaller
dust attenuation, the ionizing radiation feedback from nearby massive stars is stronger
and terminate star formation in dense clumps. These effects result in inefficient star
formation in low-metallicity environments: the SFE is reduced by a factor of ∼ 0.3 for
the cases with Z = 10−2 Z regardless of Σ. Newborn star clusters are also gravitation-
ally less bound. We further develop a new semi-analytical model that can reproduce
the simulation results well, particularly the observed dependencies of the SFEs on the
cloud surface densities and metallicities.
Key words:
1 INTRODUCTION
The formation of massive stars is an essential factor
in understanding the cosmic star formation history (Madau
& Dickinson 2014) and galactic dynamics (Pillepich et al.
2018). Stellar feedback from them regulates the total star
formation rate within a galaxy (e.g., Schaye et al. 2010;
Wise et al. 2012; Hasegawa & Semelin 2013; Yajima et al.
2017) and induce galactic outflow (e.g., Heckman et al. 1990,
2015). Ionizing radiation from them destroys parent clouds
and leaks out to the interstellar and intergalactic space (Kim
et al. 2019; He et al. 2020). Most massive stars are known
to be born as members of clusters. However, the formation
mechanism of the star clusters has not been fully understood
yet.
The star formation efficiency (SFE) is a pivotal quantity
? E-mail:fukushima@ccs.tsukuba.ac.jp
in the star-cluster formation as it determines whether a new-
born cluster remains gravitationally bound after the cloud
dispersal. As suggested by observations of nearby galaxies,
the star formation in the entire galaxy proceeds slowly with
the depletion timescale ∼ 1 Gyr (e.g. Kennicutt 1998; Bigiel
et al. 2008; Momose et al. 2013). On the other hand, the star
formation in an individual giant molecular cloud (GMC)
only lasts for ∼ 10 Myr (Hartmann et al. 2001; Fukui &
Kawamura 2010) by considering observed numbers of GMCs
in local galaxies (e.g., Chevance et al. 2020). This implies
that only a small fraction of the molecular gas is converted
into stars and the rest returns into an interstellar or inter-
galactic medium. Recently, Kruijssen et al. (2019) showed
that the lifetime of GMCs are about one dynamical time,
and the SFE is only a few percents, by analyzing the spatial
de-correlation between young stars and star-forming regions
in the spiral galaxy NGC300. They indicated that GMCs
are disrupted before the end of the lifetimes of OB stars,
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2 Fukushima et al.
and thus pre-supernova feedback, such as ultraviolet (UV)
radiation feedback or stellar winds, regulated star formation
in GMCs.
Extreme ultraviolet (EUV; 13.6 eV ≤ hν . 1 keV) ra-
diation from massive stars creates Hii bubbles and heat up
the gas to ∼ 104 K. The Hii bubbles expand rapidly be-
cause of the high thermal pressure so that heated materi-
als are photoevaporated against the gravitational pull from
the gas and stars. Based on simple analytical models, previ-
ous studies suggested that the radiative feedback suppresses
star formation in GMCs, resulting in the low SFEs (e.g.,
Williams & McKee 1997; Matzner 2002; Krumholz et al.
2006; Kim et al. 2016). Fall et al. (2010) derived an ana-
lytical expression for the SFE as a function of the surface
density of the clouds. In reality, however, the supersonic tur-
bulent motion shapes hierarchical cloud structures. Hii re-
gions forming around newborn clusters expand across such
complex structures and finally destroy the GMCs.
Numerical simulations have been utilized (e.g.,
Va´zquez-Semadeni et al. 2010; Dale et al. 2012) to investi-
gate the star cluster formation and cloud dispersal through
the realistic evolution. Geen et al. (2017) showed the dis-
ruption of molecular clouds due to the radiative feedback by
using radiation hydrodynamics (RHD) simulations with a
diffuse approximation for the radiative transfer (RAMSES-
RT: Rosdahl et al. 2013). They showed that the radiative
feedback quenches the star formation immediately, and the
SFE increases with increasing cloud column density. Using
the same simulation code, He et al. (2019) investigated this
problem in a wider parameter range of initial gas clouds and
showed that the massive-end slope of simulated sink mass
function was similar to that of Salpeter-like initial mass func-
tion.
Recently, Kim et al. (2018) showed the cloud dispersal
occurred within 2-10 Myr after the onset of radiative feed-
back using the RHD simulations with a ray-tracing scheme.
They found a close relationship between the SFEs and the
surface densities of gas clouds. However, their simulations
were limited to the clouds with metallicity Z = 1 Z. Vary-
ing the metallicity potentially changes the star formation
and feedback processes. For instance, a smaller amount of
dust grains results in less attenuation of the stellar UV radia-
tion, which strengthens the feedback effect (e.g., Fukushima
et al. 2020).
In this paper, we study the star-cluster formation and
resulting cloud dispersal for various cases with metallicities
Z = 10−2 − 1 Z. We perform three-dimensional RHD sim-
ulations with SFUMATO-RT (Sugimura et al. 2020), an
Eulerian adaptive mesh refinement (AMR) hydrodynamics
code (Matsumoto 2007) coupled with the radiative transfer
solver using the ray-tracing method. Also, we calculate the
gas temperature considering metal and dust cooling, while
Kim et al. (2018) assumed the temperature with an approxi-
mation based on local ionization degree. The temperature of
ionized gas decreases as the metallicity increases due to the
metal-line cooling, e.g., Oii and Oiii (Osterbrock & Ferland
2006). As discussed in He et al. (2019), an Hii bubble ex-
pands earlier at lower metallicities, resulting in the shorter
lifetime of the clouds.
In the current work, we consistently solve the ther-
mal and chemical states of the neutral and molecular gases,
from which stars form. With Z & 10−2 Z, CO molecules
(nH < 105 cm−3) and dust grains (nH > 105 cm−3) are efficient
coolant for the molecular gas (e.g., Omukai et al. 2005), with
which the temperature could drop to the CMB value. The
atomic gas also cools mainly via Oi and Cii fine-structure
line emission. Far-ultraviolet (FUV; 6.0 eV ≤ hν ≤ 13.6 eV)
photons are the dominant heating sources for the neutral gas
via the photodissociation of hydrogen molecules and photo-
electric heating of dust grains. As a result, the Hii bubbles
are surrounded by a warm neutral layer where the temper-
ature is raised up to a few 100 K in the case of Z = Z (so-
called the photodissociation region or PDR; e.g., Hollenbach
& Tielens 1999; Hosokawa & Inutsuka 2005, 2006). Our sim-
ulations show that at very low metallicity of Z = 10−2 Z
the whole star-forming clouds are mostly dominated by such
warm atomic gases, and that massive star clusters directly
form from the atomic clouds.
We organize the rest of the paper as follows. In Sec-
tion 2, we describe the numerical method and setup of our
simulations. We present our simulation results in Section
3. We then develop a semi-analytical model that helps us
to interpret numerical results in Section 4. Section 5 is for
summary and discussions. We describe the details of the nu-
merical simulations and the fitting formula of the fraction of
hydrogen ionization in an Hii region in Appendix A and B.
2 NUMERICAL METHOD
We perform RHD simulations with SFUMATO-RT
(Sugimura et al. 2020), a modified version of the self-
gravitational magnetohydrodynamics code with AMR,
SFUMATO (Matsumoto 2007; Matsumoto et al. 2015).
SFUMATO-RT has been developed to solve radiative trans-
fer with the adaptive ray-tracing method (Abel & Wandelt
2002) and non-equilibrium chemistry of the primordial gas.
For the current purpose, we further add the effects of heavy
elements (e.g., dust grains, atomic carbon, oxygen, etc.) as
described in Section 2.1.
The hydrodynamics is solved with the Cartesian coor-
dinates. We initially set uniform 64 meshes in each direction
and refine them during the simulations as the gas density
gradually increases according to the refinement criterion of
at least 5 meshes for one Jeans length. The computational
box at the coarsest grid level is large enough to cover the
whole cloud, −2Rcl 5 x 5 2Rcl on a side, where Rcl is the
cloud radius and the origin of coordinates (x, y, z) is at the
box center. We set the maximum level of the refinement so
that the maximum resolution becomes 0.078 pc regardless of
the box size. In the case with the maximum level lmax = 5,
the effective resolution corresponds to 64×25 = 2048 uniform
meshes on a side. We solve the following set of equations for
compressible hydrodynamics:
∂ρ
∂t
+ ∇ · (ρv) = 0, (1)
∂ (ρv)
∂t
+ ∇ · (ρv ⊗ v) + ∇P = ρ (g + f ) , (2)
∂ (ρE)
∂t
+ ∇ · [(ρE + P) v] = ρ (g + f) · v + Γ − Λ, (3)
E =
|v|2
2
+ (γ − 1)−1 P
ρ
, (4)
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where ρ, P, v, g, E, Γ and Λ are the density, pressure, veloc-
ity, gravitational force, total energy, the heating and cooling
functions. In Equation (2) and (3), f is the radiation forces
per unit mass. We consider the absorption of ionizing pho-
tons by Hi and dust grains, and that of non-ionizing photons
by dust grains. We also calculate the specific heat γ as a
function of temperature and chemical abundances (Omukai
& Nishi 1998). In this study, we include thermal processes
due to heavy elements in addition to those in the primordial
gas.
2.1 Chemical and thermal processes
We update the chemistry module of SFUMATO-RT to
calculate the chemical and thermal evolution of the gas. We
consider the chemical network of 11 species: H, H2, H−, H+,
H+2 , e, CO, Cii, Oi, Oii and Oiii. To follow the CO formation,
we adopt the simple chemical network of Nelson & Langer
(1997). In this model, we only explicitly include Cii and
CO as carbon species. CO is assumed to form via hydro-
carbon radicals without Ci in the chemical network. Glover
& Clark (2012b) and Gong et al. (2017) showed limitations
of such a simplified treatment and provided the alternative
extended network. However, our qualitative results of the
cluster formation and cloud dispersal do not rely on those
details because Cii becomes the dominant coolant instead of
CO molecules (e.g., Glover & Clark 2012a). As in Fukushima
et al. (2020), we assume that the neutral fraction of oxygen
is the same as hydrogen and that Oii and Oiii are in the
chemical equilibrium with photoionization and recombina-
tion. The metal-line cooling by Oii and Oiii becomes the
dominant coolant in Hii regions at metallicity as high as
Z = 1 Z.
The total heating/cooling rates in Equation (3) are
given as
Γ = Γprim + ΓH2,d + Γpe, (5)
Λ = Λprim + Λd + Λm,line, (6)
where Γprim and Λprim are the thermal processes related to
primordial star formation as in Hosokawa et al. (2016). In
this study, we newly add heating of H2 formation on dust
grains (ΓH2,d) and energy transport between dust grains and
gas (Λd) as in Fukushima et al. (2020). In Equation (5), Γpe
is the photoelectric heating rate, and we describe its details
in Appendix A. We consider Cii, CO, Oi, Oii and Oiii as the
metal-line cooling (Λm,line). To calculate the cooling rates of
Cii, Oi, Oii, and Oiii, we solve the statistical equilibrium
of each energy level as in Fukushima et al. (2020). For the
cooling rate of CO rotational transitions, we use the fitting
function by Omukai et al. (2010). We assume that the dust-
to-gas mass ratio is 0.01 at Z = 1 Z and decreases linearly
in proportion to the metallicity. We adopt the MRN mixture
(Mathis et al. 1977) for the grain size distribution.
The radiative processes considered in our simulations
are photoionization of Hi and Oii, photodissociation of H2
and CO, and photoelectric heating of dust grains. We allow
that the gas and dust have different temperatures due to
the ineffective coupling. The dust temperature is calculated
from the energy balance between the energy exchange with
gas and absorption/emission of radiation. We also consider
the radiation pressure via the direct stellar photons (f in Eq.
2 and 3). The optical depth of a star-forming cloud for dust
thermal radiation is estimated as
τIR = ρRclκIR = 6.3 × 10−2
(
Σ
80 Mpc−2
) (
Z
Z
)
, (7)
where Rcl and Σ are the radius and surface density of the
cloud. Here, we use the opacity for thermal emission as
κIR = 5 cm2 g−1 (Z/Z). Star-forming clouds examined in this
study are optically thin for dust thermal emission. Thus we
ignore the radiation pressure of dust thermal emission, al-
though it can be significant in clouds more compact than
those examined in this paper (e.g., Murray et al. 2010). We
describe the method of radiative transfer in more detail in
Appendix A.
We set the temperature floor at T = 10 K in our sim-
ulations, supposing the CMB temperature at the redshift
z ' 2.5. This floor does not affect our results because the gas
temperature is normally much higher than the floor value,
particularly in low-metallicity cases. We do not consider stel-
lar UV background radiation, which would permeate into the
cloud externally. We discuss this effect later in Section 4.1.
2.2 Sink particles and radiation sources
We employ the sink particle technique to follow long-
term evolution without resolving very dense structures by
adding finer grid refinement levels. We insert a sink particle
in a mesh that satisfies the following conditions (Federrath
et al. 2010; Matsumoto et al. 2015): 1) the gas density is
above the threshold value, 2) the gravitational potential is
a local minimum, 3) the velocity divergence ∇ · v and all the
eigenvalues of the velocity gradient tensor ∇v are negative
and 4) the sum of the thermal, kinetic and gravitational en-
ergies inside the sink radius is negative (Eth +Ekin +Egr < 0).
We determine the density threshold in a way proposed by
Gong & Ostriker (2013), as in Kim et al. (2018). Assuming
the density profile of Larson-Penston solution (Larson 1969;
Penston 1969) around the density peak, we set the density
threshold as ρthr = 8.86c2s /(piG∆x2) = 5.34 × 10−19 g cm−3,
where ∆x is the minimum mesh size and cs is the sound
speed of gas with temperature T = 20 K. In practice, if the
gas temperature is higher than 20K, the condition (4) of the
sink creation is not satisfied at ρthr and the gas density be-
comes higher than ρthr until all of the conditions are fulfilled.
Therefore, the threshold density ρthr should be regarded as
the lower limit for the sink creation. We set the sink radius
rsink = 2∆x and merge nearby sink particles if their sepa-
ration distances are smaller than 2rsink. The velocity of the
merged sink particles is determined from momentum con-
servation.
We regard each sink particle as a star cluster, as we
cannot resolve individual stars due to high computational
cost, and calculate the transfer of radiation emitted from
each cluster particle. To evaluate the luminosity and spec-
trum of the star cluster, we take the average of the stellar
isochrone given by Chen et al. (2015), where the Chabrier
IMF (Chabrier 2003) with a stellar-mass range from 0.1 M
to 150 M is used. In our simulations, the duration time of
star formation is on the order of Myr, and thus we use their
isochrone at t = 1 Myr. We assume that low-mass cluster
particles with < 50 M do not emit ionizing photons, ne-
glecting the weak contributions from the smaller clusters.
MNRAS 000, 1–17 (2019)
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Table 1. Models considered
model Mcl [M ] Rcl [ pc ] Z [ Z ] nini [ cm−3 ] Σ [M pc−2 ] σ0 [ kms−1 ] tff [Myr ] lmax Feedback
M4R10Z0 104 10 1 70 32 1.1 5.2 3 PIa, RPb
M4R20Z0 104 20 1 8.7 8 0.80 15 4 PI, RP
M5R10Z0 105 10 1 700 320 3.6 1.7 3 PI, RP
M5R20Z0 105 20 1 87 80 2.5 4.7 4 PI, RP
M5R40Z0 105 40 1 11 20 1.8 13 5 PI, RP
M4R10Z-1 104 10 10−1 70 32 1.1 5.2 3 PI, RP
M4R20Z-1 104 20 10−1 8.7 8 0.80 15 4 PI, RP
M5R10Z-1 105 10 10−1 700 320 3.6 1.7 3 PI, RP
M5R20Z-1 105 20 10−1 87 80 2.5 4.7 4 PI, RP
M5R40Z-1 105 40 10−1 11 20 1.8 13 5 PI, RP
M4R10Z-2 104 10 10−2 70 32 1.1 5.2 3 PI, RP
M4R20Z-2 104 20 10−2 8.7 8 0.80 15 4 PI, RP
M5R10Z-2 105 10 10−2 700 320 3.6 1.7 3 PI, RP
M5R20Z-2 105 20 10−2 87 80 2.5 4.7 4 PI, RP
M5R40Z-2 105 40 10−2 11 20 1.8 13 5 PI, RP
M5R20Z0PI 105 20 1 87 80 2.5 4.7 4 PI
M5R20Z0RP 105 20 1 87 80 2.5 4.7 4 RP
Notes. Column 1: model names, Column 2: cloud masses, Column 3: cloud radii, Column 4: metallicities, Column5: initial number
densities, Column 6: surface densities, Column 7: three-dimensional velocity dispersions, Column 8: free fall times, Column 9: maximum
refinement levels
a”PI” represents photoionization feedback
b”RP” represents radiation-pressure feedback
This is a reasonable approximation as the expected num-
ber of massive stars (& 10 M) is less than unity for such
small clusters. With this procedure, we significantly reduce
the computational costs of solving radiation transfer.
2.3 Initial conditions
Table 1 summarizes the models considered in this paper.
We set uniform density spheres with turbulent velocities as
the initial conditions. We consider five different clouds with
masses Mcl = 104 and 105 M and size Rcl = 10 – 40 pc,
which are consistent with the observed properties of galac-
tic and extragalactic GMCs (e.g., Faesi et al. 2018). The gas
metallicity is assumed to be the solar value in the fiducial
model, but we also consider lower-metallicity environments
with 10−2 and 10−1 Z. To see the impact of the individual
feedback effect, we also simulate the cases where we only
consider either photoionization (M5R20Z0PI) or radiation
pressure induced by dust grains (M5R20Z0RP) for a star-
forming cloud with (Mcl, Rcl, Z) = (105M, 20pc, 1Z). We set
the initial gas temperature of 20 K irrespective of metallicity,
which is the approximate value of collapsing clouds when the
central density reaches nini ∼ 10 – 103 cm−3 (Omukai et al.
2005), the initial values in our simulations. Note, however,
that the initial turbulent velocity is supersonic, as we will de-
scribe below, and thus the dynamics of the clouds are almost
independent of the initial gas temperature. We also assume
the atomic gas at the initial state. We set the abundance
of hydrogen molecules is yH2 = 10
−3 1, and other species
are in atomic states. This assumption is motivated by the-
oretical prediction for low-metallicity star-forming regions
(Krumholz 2012). On the other hand, observations show
1 The abundance of species i is given as yi that is the ratio of the
number density of the species i to that of atomic hydrogen.
that the star-forming clouds are almost fully molecular at
Z = 1 Z. In our simulations, molecules rapidly form in
high-density parts within the clouds before the first clus-
ter particle appears. The star formation then mostly occurs
in the molecular clouds surrounded by rarefied atomic en-
velope. We also show that this is not necessarily the case
for lower metallicity cases, where star clusters are formed in
almost atomic clouds.
The supersonic turbulent velocity fields are added at
the beginning of the simulations. As in the previous studies
(e.g., Matsumoto et al. 2015; Kim et al. 2018), we assume
the velocity power spectrum of P(k) ∝ k−4 with wavenumber
k, which corresponds to the velocity dispersion law of σ(l) ∝
l1/2 with length scale l (Larson 1981). The amplitude is given
by setting the virial parameter
α0 =
5σ20 Rcl
3GMcl
(8)
to be 0.5, where σ0 is the three-dimensional velocity dis-
persion. We impose the same random turbulent fields in all
models. The strength of the turbulent motions used in our
simulations is comparable to that considered in He et al.
(2019) (α = 0.4). Note that Kim et al. (2018) adopted a
larger value of α = 2.0, i.e., the clouds less gravitationally
unstable with stronger turbulence support.
3 RESULTS
We describe the results of our simulations in this sec-
tion. In Section 3.1, we show the time evolution of the cloud
being destroyed by the radiative feedback from a newborn
star cluster, first for the fiducial solar-metallicity model and
then for the low-metallicity model with Z = 10−2 Z (mod-
els M5R20Z0 and M5R20Z-2 in Table 1). In Section 3.2, we
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present the dependences of the SFEs and the timescale un-
til star formation ceases on the cloud surface density and
metallicity, obtained from all the examined cases. In Section
3.3, we show the time evolution of the half-mass radius and
the mass distribution of star cluster particles to investigate
the metallicity dependence of the gravitational boundness of
the newborn clusters.
3.1 Star cluster formation and cloud dispersal
3.1.1 Fiducial solar-metallicity model
We first present the case with (Mcl, Rcl, Z) =
(105M, 20pc, 1Z) as the fiducial model, which has the mod-
erate initial cloud surface density Σ ' 80 M pc−2 (see
M5R20Z0 in Table 1). Figure 1 shows the evolution of the
surface density Σ, temperature T on the xy-plane of z = 0, the
column densities of H2 (NH2 ) and CO (NCO). In Figure 2, we
show the volume rendering of the number density, together
with the positions of star cluster particles and ionization
front at the same snapshots as in Figure 1.
Early on, the turbulent motions and self-gravity con-
trol the evolution of the cloud. Sheet-like structures are in-
duced by turbulent motions. At the intersection of these
sheets, filamentary density structures appear. Then, the gas
density gradually increases along the filaments due to self-
gravity. At this time, the gas temperature is generally less
than 30 K because of the cooling by heavy elements (Cii, Oi,
and CO). The first star-cluster particle forms in the central
region of the cloud when the elapsed time of the simulation
is 3.8 Myr (Fig1-1, 2-1). After that, stars continuously form
along the filaments in the central 10 pc region of the cloud,
as shown in the snapshot at 4.7 Myr, which is equal to one
free-fall time of the cloud, tff (Fig1-2, 2-2). Ionizing pho-
tons emitted by the stars begin to form Hii regions, which
expand outward due to enhanced thermal pressure of the
ionized gas with 8000 − 104 K. The ionization fronts prop-
agate in gap regions between the filament structures since
Hii regions expand more quickly at lower densities. The fil-
amentary structures are not disrupted by photoionization,
but the expansion of Hii regions starts to push them out
(5.7 Myr, Fig1-3, 2-3). Finally, most of them are swept out
and the star formation is quenched at 6.7 Myr (Fig1-4, 2-
4). Even though the total emissivity of ionizing photons is
large enough to completely ionize all the gas in the initial
homogeneous cloud, Hii regions cannot spread to the entire
domains, and some filamentary structures survive until the
final time of the simulation.
As the collapse of the cloud proceeds, H2 and CO
molecules gradually form in dense regions. In the snapshots
at 3.9 Myr and 4.7 Myr of Figure 1, H2 and CO molecules
form in the entire region of the cloud. These molecules, how-
ever, cannot survive except in dense structures after FUV
photons from stars begin to photodissociate them. There-
fore, the column densities of H2 and CO molecules only trace
the dense filamentary structures in the snapshots at 5.7 Myr
and 6.7 Myr of Figure 1.
The top panel of Figure 3 shows the time evolution of
the mass in each component, i.e., the stars, neutral, molecu-
lar and ionized gases. Here, the neutral gas is defined as the
neutral fraction of hydrogen is higher than 0.9. Hydrogen
molecules form via the dust surface reaction, which increases
the amount of H2 to 0.6 times the cloud mass at 4.5 Myr. Af-
ter that, the stellar mass grows while the H2 mass decreases
due to the photodissociation by stellar FUV radiation. The
ionized gas emerges as soon as the star formation begins, but
its mass is kept small until it rapidly increases at 6.5 Myr as
the Hii regions expand and quench the star formation. At the
final step of the simulation, clumps that contain the resid-
ual neutral component are being ionized gradually, without
forming stars anymore within them.
In the above case, star formation starts at 3.8 Myr and
is quenched at 6.7 Myr. Hence, the duration of the star for-
mation (∼ 3 Myr) is less than the free-fall time of the cloud
(∼ 4.7Myr). The SFE defined by the final stellar mass nor-
malized by the initial cloud mass is 19 percent. Kim et al.
(2018) adopted a similar setup although they use α = 2.0
(see Eq. 8) as the initial condition. The stronger turbulent
field suppresses the star formation more effectively, but the
resulting SFE is in the same order of 10 percent. He et al.
(2019) adopted almost the same value of α and obtained
the SFE value closer to ours, regardless of differences in the
numerical methods such as the radiation transfer solver and
the critical density of sink creation.
3.1.2 Low-metallicity model with Z = 10−2 Z
Next, we consider the low-metallicity case (M5R20Z-2
in Table 1) with Z = 10−2 Z to examine the metallicity de-
pendence of the evolution. Figures 4 and 5 illustrate the evo-
lution for this case in the same styles as in Figures 1 and 2,
respectively. In the early epoch, the turbulent motion gives
the dominant contribution. The overall evolution looks sim-
ilar to that in the fiducial case with Z = 1 Z until the first
star particle forms at 4.0 Myr (Fig 4-1, 5-1), even though the
metal cooling is inefficient. Once star formation occurs, Hii
regions start to expand into low-density regions at 4.7 Myr
(Fig 4-2, 5-2). Unlike the case with Z = 1 Z, dense filaments
are easily photoionized, and they cannot survive around the
Hii region. The neutral gas is pushed out all at once, and
star formation is completely quenched at 5.4 Myr (Fig 4-3,
5-3). Finally, the Hii regions spread over the entire cloud and
complete the photoevaporation of the gas inside the cloud
at 5.7 Myr (Fig 4-4, 5-4).
Only small amounts of H2 and CO molecules form along
the filaments in the early phase of the cloud collapse, but
the stellar FUV photons easily dissociate them. As shown in
Figure 4, H2 and CO molecules completely disappear after
one free-fall time unlike for the cloud with Z = 1 Z (see
Fig 4-2). The cloud becomes dark in CO lines soon after the
star formation begins.
In the bottom panel of Figure 3, we show the time
evolution of the mass in each component for the case with
Z = 10−2 Z. We see that the H2 mass is much lower than
that for the case with Z = 1 Z throughout the evolution.
Since H2 formation on the dust grains is inefficient due to
lower metallicity (and hence lower dust abundance), most of
the gas remains atomic from the beginning of the simulation.
In this case, the star cluster formation occurs in an almost
atomic cloud rather than in a molecular cloud (Krumholz
2012). Meanwhile, the ionized gas mass increases until the
ionized gas is finally evaporated from the cloud. The star
formation stops at 5 Myr, with the duration of star forma-
tion ∼ 1 Myr, much shorter than in the case with Z = 1 Z.
MNRAS 000, 1–17 (2019)
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N
C
O
[cm
 
2
]
<latexit sha1_base64="TepDbIXyT5lyooiZncxtmgwlOBE="></latexit><latexit sha1_base64="TepDbIXyT5lyooiZncxtmgwlOBE="></latexit><latexit sha1_base64="TepDbIXyT5lyooiZncxtmgwlOBE="></latexit><latexit sha1_base64="TepDbIXyT5lyooiZncxtmgwlOBE="></latexit>
T
[K
]
<latexit sha1_base64="4IEKSkgDFjEk9ZxtFW9eoHk2SIA="></latexit><latexit sha1_base64="4IEKSkgDFjEk9ZxtFW9eoHk2SIA="></latexit><latexit sha1_base64="4IEKSkgDFjEk9ZxtFW9eoHk2SIA="></latexit><latexit sha1_base64="4IEKSkgDFjEk9ZxtFW9eoHk2SIA="></latexit>
104
<latexit sha1_base64="Oh+6fjdqnI5n+eKRCiovjrP+Gvk=">AAACZ3ichVG7SgNBFD1Z3/GRqCABGzUoVuGuCoqV aGNpEqOCj7C7TpIl+2J3E9DgD1jYKlgpiIifYeMPWPgJwTKCjYV3Nwuiot5hZs6cuefOmRnVMXTPJ3qOSR2dXd09vX3x/oHBoURyeGTLs2uuJgqabdjujqp4wtAtUfB13xA7jisUUzXEtlpdC/a368L1dNva9I8csW8qZUsv6ZriB5RMBwvFZJoy FMbETyBHII0oNuzkLfZwCBsaajAhYMFnbECBx20XMggOc/toMOcy0sN9gRPEWVvjLMEZCrNVHsu82o1Yi9dBTS9Ua3yKwd1l5QSm6YnuqEWPdE9Nev+1ViOsEXg54llta4VTTJym8m//qkyefVQ+VX969lHCUuhVZ+9OyAS30Nr6+vF5K7+cm27M 0DW9sP8reqYHvoFVf9VusiJ3iTh/gPz9uX+CrbmMPJ+Zyy6kV1ajr+jFOKYwy++9iBWsYwMFPreCM5zjItaUEtKYlGqnSrFIM4ovIU1+AF8vipU=</latexit>
103
<latexit sha1_base64="1E5ffjVQiNFxvqco0QUqCzTU23I=">AAACZ3ichVG7SgNBFD1Z3/GRqCABGzUoVuGuCo qVaGOZqDEBH2F3ncTFfbG7CWjwByxsI1gpiIifYeMPWPgJwTKCjYV3Nwuiot5hZs6cuefOmRnVMXTPJ3qOSR2dXd09vX3x/oHBoURyeGTbs6uuJvKabdhuUVU8YeiWyPu6b4ii4wrFVA1RUI/Wgv1CTbiebltb/rEj9kylYullXVP8gJJp f76UTFOGwpj4CeQIpBFF1k7eYhcHsKGhChMCFnzGBhR43HYgg+Awt4c6cy4jPdwXOEWctVXOEpyhMHvEY4VXOxFr8Tqo6YVqjU8xuLusnMA0PdEdteiR7qlJ77/Wqoc1Ai/HPKttrXBKibPU5tu/KpNnH4efqj89+yhjKfSqs3cnZIJbaG 197aTR2lzemK7P0DW9sP8reqYHvoFVe9VucmLjEnH+APn7c/8E23MZeT4zl1tIr6xGX9GLcUxhlt97EStYRxZ5PvcQ52jgItaUEtKYlGqnSrFIM4ovIU1+AF0vipQ=</latexit>
102
<latexit sha1_base64="ebd/1669x0Du8BTyKowkhhfACD8=">AAACZ3ichVHLSsNAFD2Nr1ofrQoiuFFLxVW5qY LiqujGpa1WBa2SxKmGpklI0kIt/oALtxVcKYiIn+HGH3DRTxCXCm5ceJMGRIt6h5k5c+aeO2dmVNvQXY+oFZG6unt6+6L9sYHBoeF4YmR0y7WqjiYKmmVYzo6quMLQTVHwdM8QO7YjlIpqiG21vOrvb9eE4+qWuenVbVGsKEemXtI1xfMp mfYzB4kkpSmIqU4ghyCJMNatxC32cAgLGqqoQMCEx9iAApfbLmQQbOaKaDDnMNKDfYFTxFhb5SzBGQqzZR6PeLUbsiav/ZpuoNb4FIO7w8oppOiJ7uiVHumenunj11qNoIbvpc6z2tYK+yB+NrHx/q+qwrOH4y/Vn549lLAUeNXZux0w/i 20tr520nzdWM6nGrN0TS/s/4pa9MA3MGtv2k1O5C8R4w+Qfz53J9jKpOX5dCa3kMyuhF8RxSRmMMfvvYgs1rCOAp97jHM0cRF5luLSuDTRTpUioWYM30Ka/gRbL4qT</latexit>
101
<latexit sha1_base64="V/IFNF8ZG8MT9hpWXj+KIMcz7Qw=">AAACZ3ichVHLSsNAFD2N7/poVZCCm2qpuCo3VV BciW5cttWqoFWSOK3BNAlJWqjFH3DhVsGVgoj4GW78ARd+gris4MaFN2lAtKh3mJkzZ+65c2ZGtQ3d9YieI1JXd09vX/9AdHBoeCQWHx3bdK2ao4miZhmWs60qrjB0UxQ93TPEtu0IpaoaYks9WvX3t+rCcXXL3PAatihVlYqpl3VN8XxK pj15P56iDAWR7ARyCFIII2fFb7GLA1jQUEMVAiY8xgYUuNx2IINgM1dCkzmHkR7sC5wgytoaZwnOUJg94rHCq52QNXnt13QDtcanGNwdViaRpie6oxY90j290MevtZpBDd9Lg2e1rRX2fuw0sf7+r6rKs4fDL9Wfnj2UsRh41dm7HTD+Lb S2vn583lpfKqSbM3RNr+z/ip7pgW9g1t+0m7woXCLKHyD/fO5OsJnNyHOZbH4+tbwSfkU/JjGNWX7vBSxjDTkU+dxDnOEcF5EXKSZNSIl2qhQJNeP4FtLUJ1kvipI=</latexit>
1
<latexit sha1_base64="Gtz6pza7aFf/lPzMi0Z46KhHXmc=">AAACZHichVG7SgNBFD1ZXzG+oiIIggSD YhXuqqBYBW0sTWKioCK766iD+2J3E9DgD2irWFgpiIifYeMPWOQHBLGMYGPhzWZBVNQ7zMyZM/fcOTOju6b0A6JaTGlpbWvviHcmurp7evuS/QMl3yl7higajul4a7rmC1PaohjIwBRrric0SzfFqr6/2NhfrQjPl469Ehy 4YtPSdm25Iw0tYCqnbiXTlKEwUj+BGoE0olh2kjfYwDYcGCjDgoCNgLEJDT63dagguMxtosqcx0iG+wJHSLC2zFmCMzRm93nc5dV6xNq8btT0Q7XBp5jcPVamME6PdEt1eqA7eqb3X2tVwxoNLwc8602tcLf6jocLb/+qL J4D7H2q/vQcYAdzoVfJ3t2QadzCaOorh+f1wnx+vDpBV/TC/i+pRvd8A7vyalznRP4CCf4A9ftz/wSlqYw6nZnKzaSzC9FXxDGCMUzye88iiyUso8jnCpzgFGexJ6VbGVSGmqlKLNIM4ksoox9pmom1</latexit>
104
<latexit sha1_base64="Oh+6fjdqnI5n+eKRCiovjrP+Gvk=">AAACZ3ichVG7SgNBFD1Z3/GRqCABGzUoVuGuCoqV aGNpEqOCj7C7TpIl+2J3E9DgD1jYKlgpiIifYeMPWPgJwTKCjYV3Nwuiot5hZs6cuefOmRnVMXTPJ3qOSR2dXd09vX3x/oHBoURyeGTLs2uuJgqabdjujqp4wtAtUfB13xA7jisUUzXEtlpdC/a368L1dNva9I8csW8qZUsv6ZriB5RMBwvFZJoy FMbETyBHII0oNuzkLfZwCBsaajAhYMFnbECBx20XMggOc/toMOcy0sN9gRPEWVvjLMEZCrNVHsu82o1Yi9dBTS9Ua3yKwd1l5QSm6YnuqEWPdE9Nev+1ViOsEXg54llta4VTTJym8m//qkyefVQ+VX969lHCUuhVZ+9OyAS30Nr6+vF5K7+cm27M 0DW9sP8reqYHvoFVf9VusiJ3iTh/gPz9uX+CrbmMPJ+Zyy6kV1ajr+jFOKYwy++9iBWsYwMFPreCM5zjItaUEtKYlGqnSrFIM4ovIU1+AF8vipU=</latexit>
103
<latexit sha1_base64="1E5ffjVQiNFxvqco0QUqCzTU23I=">AAACZ3ichVG7SgNBFD1Z3/GRqCABGzUoVuGuCo qVaGOZqDEBH2F3ncTFfbG7CWjwByxsI1gpiIifYeMPWPgJwTKCjYV3Nwuiot5hZs6cuefOmRnVMXTPJ3qOSR2dXd09vX3x/oHBoURyeGTbs6uuJvKabdhuUVU8YeiWyPu6b4ii4wrFVA1RUI/Wgv1CTbiebltb/rEj9kylYullXVP8gJJp f76UTFOGwpj4CeQIpBFF1k7eYhcHsKGhChMCFnzGBhR43HYgg+Awt4c6cy4jPdwXOEWctVXOEpyhMHvEY4VXOxFr8Tqo6YVqjU8xuLusnMA0PdEdteiR7qlJ77/Wqoc1Ai/HPKttrXBKibPU5tu/KpNnH4efqj89+yhjKfSqs3cnZIJbaG 197aTR2lzemK7P0DW9sP8reqYHvoFVe9VucmLjEnH+APn7c/8E23MZeT4zl1tIr6xGX9GLcUxhlt97EStYRxZ5PvcQ52jgItaUEtKYlGqnSrFIM4ovIU1+AF0vipQ=</latexit>
102
<latexit sha1_base64="ebd/1669x0Du8BTyKowkhhfACD8=">AAACZ3ichVHLSsNAFD2Nr1ofrQoiuFFLxVW5qY LiqujGpa1WBa2SxKmGpklI0kIt/oALtxVcKYiIn+HGH3DRTxCXCm5ceJMGRIt6h5k5c+aeO2dmVNvQXY+oFZG6unt6+6L9sYHBoeF4YmR0y7WqjiYKmmVYzo6quMLQTVHwdM8QO7YjlIpqiG21vOrvb9eE4+qWuenVbVGsKEemXtI1xfMp mfYzB4kkpSmIqU4ghyCJMNatxC32cAgLGqqoQMCEx9iAApfbLmQQbOaKaDDnMNKDfYFTxFhb5SzBGQqzZR6PeLUbsiav/ZpuoNb4FIO7w8oppOiJ7uiVHumenunj11qNoIbvpc6z2tYK+yB+NrHx/q+qwrOH4y/Vn549lLAUeNXZux0w/i 20tr520nzdWM6nGrN0TS/s/4pa9MA3MGtv2k1O5C8R4w+Qfz53J9jKpOX5dCa3kMyuhF8RxSRmMMfvvYgs1rCOAp97jHM0cRF5luLSuDTRTpUioWYM30Ka/gRbL4qT</latexit>
1024
<latexit sha1_base64="zmaPhA20bJW/9cjuhpWM9ckbsIA=">AAACanichVHLSsNAFD2Nr1pftW4UN2KtuCo3taC4 KrpxaattBR8liWMNpklI0kIt/QF3rgRdKYiIn+HGH3DhJ4juKrhx4W0aEBX1DjNz5sw9d87MqLahux7RY0jq6u7p7Qv3RwYGh4ZHoqOxgmtVHU3kNcuwnE1VcYWhmyLv6Z4hNm1HKBXVEEX1cKW9X6wJx9Utc8Or22KnopRNfV/XFI+poky7jVS6 WYrGKUl+TP0EcgDiCGLNil5jG3uwoKGKCgRMeIwNKHC5bUEGwWZuBw3mHEa6vy/QRIS1Vc4SnKEwe8hjmVdbAWvyul3T9dUan2Jwd1g5hQQ90A216J5u6Ynef63V8Gu0vdR5VjtaYZdGjsfX3/5VVXj2cPCp+tOzh30s+l519m77TPsWWkdfOzpt rS/lEo1ZuqRn9n9Bj3THNzBrr9pVVuTOEeEPkL8/909QSCXl+WQqm45nloOvCGMS05jj915ABqtYQ953d4IznIdepJg0IU12UqVQoBnDl5BmPgAn2ovd</latexit>
1023
<latexit sha1_base64="Hyu4a5aWFSj2ChFcWpnaR20K7Sc=">AAACanichVHLSsNAFD2N7/qqulHcFKviqtxUQXE lunFZH7WFWiWJYw2mSUjSggZ/wJ0rwa4URMTPcOMPuOgniO4U3LjwJg2IFvUOM3PmzD13zsyotqG7HlEjJrW1d3R2dffEe/v6BwYTQ8NbrlV1NJHTLMNyCqriCkM3Rc7TPUMUbEcoFdUQefVwJdjP14Tj6pa56R3ZolRRyqa+r2uKx1Reph0/ M3uym0hRmsJItgI5AilEkbUSN9jGHixoqKICARMeYwMKXG5FyCDYzJXgM+cw0sN9gRPEWVvlLMEZCrOHPJZ5VYxYk9dBTTdUa3yKwd1hZRJT9Ei39EoPdEdP9PFrLT+sEXg54lltaoW9O3g6uvH+r6rCs4eDL9Wfnj3sYyH0qrN3O2SCW2hN fe34/HVjcX3Kn6Yremb/l9Sge76BWXvTrtfEeh1x/gD553O3gq1MWp5NZ9bmUkvL0Vd0YxwTmOH3nscSVpFFLnR3hgvUYy/SsDQmjTdTpVikGcG3kCY/ASXZi9w=</latexit>
1022
<latexit sha1_base64="QqQaiPiTagnVuJR1+U3gFTPk9GQ=">AAACanichVHLSsNAFD2Nr1pfVTeKm2KtuCo3VVB ciW5cqrUP8FGSOK3BNAlJWtDSH3DnStCVgoj4GW78ARf9BNFdBTcuvE0DokW9w8ycOXPPnTMzqm3orkfUCEld3T29feH+yMDg0PBIdHQs61oVRxMZzTIsJ68qrjB0U2Q83TNE3naEUlYNkVOP1lr7uapwXN0yt71jW+yVlZKpF3VN8ZjKybRf S6XqhWickuRHrBPIAYgjiA0reotdHMCChgrKEDDhMTagwOW2AxkEm7k91JhzGOn+vkAdEdZWOEtwhsLsEY8lXu0ErMnrVk3XV2t8isHdYWUMCXqiO2rSI93TM338Wqvm12h5OeZZbWuFXRg5nUi//6sq8+zh8Ev1p2cPRSz5XnX2bvtM6xZa W189OW+ml7cStVm6phf2f0UNeuAbmNU37WZTbF0iwh8g/3zuTpBNJeX5ZGpzIb6yGnxFGFOYxhy/9yJWsI4NZHx3Z7jAZehVGpMmpal2qhQKNOP4FtLMJyPYi9s=</latexit>
1021
<latexit sha1_base64="bMLy22O2HdHkhxtil5SJn2y+Vcs=">AAACanichVHLSsNAFD2Nr1pfVTeKm2KtuCo3VV BciW5cqrUP8FGSOK3BNAlJWtDSH3DnStCVgoj4GW78ARf9BNFdBTcuvE0DokW9w8ycOXPPnTMzqm3orkfUCEld3T29feH+yMDg0PBIdHQs61oVRxMZzTIsJ68qrjB0U2Q83TNE3naEUlYNkVOP1lr7uapwXN0yt71jW+yVlZKpF3VN8ZjK ybRfS8n1QjROSfIj1gnkAMQRxIYVvcUuDmBBQwVlCJjwGBtQ4HLbgQyCzdweasw5jHR/X6COCGsrnCU4Q2H2iMcSr3YC1uR1q6brqzU+xeDusDKGBD3RHTXpke7pmT5+rVXza7S8HPOstrXCLoycTqTf/1WVefZw+KX607OHIpZ8rzp7t3 2mdQutra+enDfTy1uJ2ixd0wv7v6IGPfANzOqbdrMpti4R4Q+Qfz53J8imkvJ8MrW5EF9ZDb4ijClMY47fexErWMcGMr67M1zgMvQqjUmT0lQ7VQoFmnF8C2nmEyHXi9o=</latexit>
1020
<latexit sha1_base64="j3tnleJ2bKIlc7ZzguBAd03Ls0M=">AAACanichVHLSsNAFD2Nr1pfVTeKm2KtuCo3VV BciW5cqrUP8FGSOK3BNAlJWtDSH3DnStCVgoj4GW78ARf9BNFdBTcuvE0DokW9w8ycOXPPnTMzqm3orkfUCEld3T29feH+yMDg0PBIdHQs61oVRxMZzTIsJ68qrjB0U2Q83TNE3naEUlYNkVOP1lr7uapwXN0yt71jW+yVlZKpF3VN8ZjK ybRfS1G9EI1TkvyIdQI5AHEEsWFFb7GLA1jQUEEZAiY8xgYUuNx2IINgM7eHGnMOI93fF6gjwtoKZwnOUJg94rHEq52ANXndqun6ao1PMbg7rIwhQU90R016pHt6po9fa9X8Gi0vxzyrba2wCyOnE+n3f1Vlnj0cfqn+9OyhiCXfq87ebZ 9p3UJr66sn58308laiNkvX9ML+r6hBD3wDs/qm3WyKrUtE+APkn8/dCbKppDyfTG0uxFdWg68IYwrTmOP3XsQK1rGBjO/uDBe4DL1KY9KkNNVOlUKBZhzfQpr5BB/Wi9k=</latexit>
1020
<latexit sha1_base64="j3tnleJ2bKIlc7ZzguBAd03Ls0M=">AAACanichVHLSsNAFD2Nr1pfVTeKm2KtuCo3VV BciW5cqrUP8FGSOK3BNAlJWtDSH3DnStCVgoj4GW78ARf9BNFdBTcuvE0DokW9w8ycOXPPnTMzqm3orkfUCEld3T29feH+yMDg0PBIdHQs61oVRxMZzTIsJ68qrjB0U2Q83TNE3naEUlYNkVOP1lr7uapwXN0yt71jW+yVlZKpF3VN8ZjK ybRfS1G9EI1TkvyIdQI5AHEEsWFFb7GLA1jQUEEZAiY8xgYUuNx2IINgM7eHGnMOI93fF6gjwtoKZwnOUJg94rHEq52ANXndqun6ao1PMbg7rIwhQU90R016pHt6po9fa9X8Gi0vxzyrba2wCyOnE+n3f1Vlnj0cfqn+9OyhiCXfq87ebZ 9p3UJr66sn58308laiNkvX9ML+r6hBD3wDs/qm3WyKrUtE+APkn8/dCbKppDyfTG0uxFdWg68IYwrTmOP3XsQK1rGBjO/uDBe4DL1KY9KkNNVOlUKBZhzfQpr5BB/Wi9k=</latexit>
1019
<latexit sha1_base64="aY3+MeO7Lh2XzFWC5RhT2REplUM=">AAACanichVG7SgNBFD1Z3/EVY6PYiFGxCnej4K MK2lgmxhjBF7vrRJfsi91NQBd/wM5KMJWCiPgZNv6AhZ8g2inYWHizWRAV9Q4zc+bMPXfOzKiOoXs+0UNMamlta+/o7Ip39/T29ScGkmueXXU1UdRsw3bXVcUThm6Joq/7hlh3XKGYqiFKamWpsV+qCdfTbWvVP3DElqnsWXpZ1xSfqZJM 24E8f7STSFGawhj9CeQIpBBFzk5cYRO7sKGhChMCFnzGBhR43DYgg+Awt4WAOZeRHu4LHCHO2ipnCc5QmK3wuMerjYi1eN2o6YVqjU8xuLusHMUE3dM1vdAd3dAjvf9aKwhrNLwc8Kw2tcLZ6T8eKrz9qzJ59rH/qfrTs48y5kKvOnt3Qq ZxC62prx2evhQWViaCSbqgJ/Z/Tg90yzewaq/aZV6s1BHnD5C/P/dPsJZJy9PpTH4mlV2MvqITIxjDFL/3LLJYRg7F0N0JzlCPPUtJaVgaaaZKsUgziC8hjX8AL92L4Q==</latexit>
1018
<latexit sha1_base64="WkDPpCuZlUjbLkaz+FyuRgK2FqQ=">AAACanichVFNLwNBGH66vqo+WnUhLqIqTs27SI hTw8VRS1sJ1eyuURvb3c3utglN/4Cbk4QTiYj4GS7+gIOfINwqcXHwdruJ0OCdzMwzz7zPO8/MqLahux7RU0jq6u7p7Qv3RwYGh4ajsZF43rWqjiZymmVYzpaquMLQTZHzdM8QW7YjlIpqiIJ6uNraL9SE4+qWuekd2aJYUcqmvq9risdU QabdurzUKMUSlCI/JjuBHIAEgli3YjfYwR4saKiiAgETHmMDClxu25BBsJkros6cw0j39wUaiLC2ylmCMxRmD3ks82o7YE1et2q6vlrjUwzuDisnkaRHuqUmPdAdPdPHr7Xqfo2WlyOe1bZW2KXoydjG+7+qCs8eDr5Uf3r2sI8l36vO3m 2fad1Ca+trx2fNjeVssj5DV/TC/i/pie75BmbtTbvOiOwFIvwB8s/n7gT5uZQ8n5rLLCTSK8FXhDGBKczyey8ijTWsI+e7O8U5LkKvUlwalybaqVIo0IziW0jTny3ci+A=</latexit>
1017
<latexit sha1_base64="76Sz1K1o3AZ609QgqKJXAHVsygI=">AAACanichVHLSsNAFD2Nr1pftW6UbsSquCo3Vai4 KrpxaVtrC/VBEkcNTZOQpIVa+gPuXAm6UhARP8ONP+DCTxDdKbhx4W0aEBX1DjNz5sw9d87MqLahux7RQ0jq6u7p7Qv3RwYGh4ZHoqOxDdeqOZooaJZhOSVVcYWhm6Lg6Z4hSrYjlKpqiKJaWWnvF+vCcXXLXPcattiqKvumvqdrisdUUabtppxu 7UQTlCQ/Jn8COQAJBLFmRa+wiV1Y0FBDFQImPMYGFLjcypBBsJnbQpM5h5Hu7wu0EGFtjbMEZyjMVnjc51U5YE1et2u6vlrjUwzuDisnMUP3dE0vdEc39Ejvv9Zq+jXaXho8qx2tsHdGjsbzb/+qqjx7OPhU/enZwx4Wfa86e7d9pn0LraOvH568 5JdyM81ZuqAn9n9OD3TLNzDrr9plVuTOEOEPkL8/90+wkUrK88lUdiGRWQ6+Iow4pjDH751GBqtYQ8F3d4xTnIWepZg0IcU7qVIo0IzhS0jTHyvbi98=</latexit>
1016
<latexit sha1_base64="c5NtTR2XYjYAto4c/DEQKj2EZ3A=">AAACanichVG7SgNBFD1Z3/EVY6PYiFGxCnejqF gFbSwTY4zgi911okv2xe4moIs/YGclmEpBRPwMG3/Awk8Q7RRsLLzZLIiKeoeZOXPmnjtnZlTH0D2f6CEmtbS2tXd0dsW7e3r7+hMDyTXPrrqaKGq2YbvrquIJQ7dE0dd9Q6w7rlBM1RAltbLU2C/VhOvptrXqHzhiy1T2LL2sa4rPVEmm 7UCePdpJpChNYYz+BHIEUogiZyeusIld2NBQhQkBCz5jAwo8bhuQQXCY20LAnMtID/cFjhBnbZWzBGcozFZ43OPVRsRavG7U9EK1xqcY3F1WjmKC7umaXuiObuiR3n+tFYQ1Gl4OeFabWuHs9B8PFd7+VZk8+9j/VP3p2UcZ86FXnb07Id O4hdbU1w5PXwoLKxPBJF3QE/s/pwe65RtYtVftMi9W6ojzB8jfn/snWMuk5el0Jj+Tyi5GX9GJEYxhit97DlksI4di6O4EZ6jHnqWkNCyNNFOlWKQZxJeQxj8AKdqL3g==</latexit>
(1) 3.9 Myr (0.8t↵)
<latexit sha1_base6 4="EHE9UzTpQkQiOgSs1FwXyEw07fs=">AAAC jHicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHL yAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpakl mSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCym pLEiNzU1Mz8tMy0xOLAEKxQuoaxhqKtQZ61nW VccU5Sr4VhbVKsToKGgY6FkolMSDxdLSajUV4 gWUDfQsLS0tLMwUDPUMwEABImJiABdRZoCCgH yB5QwxDCkM+QzJDKUMuQypDHkMJUB2DkMiQz EQRjMYMhgwFADFYhmqgWJFQFYmWD6VoZaBC6i 3FKgqFagiESiaDSTTgbxoqGgekA8ysxisOxlo Sw4QFwF1KjCoGlw1WGnw2eCEwWqDlwZ/cJpVD TYD5JZKIJ0E0ZtaEM/fJRH8naCuXCBdwpCB0I XXzSUMaQwWYLdmAt1eABYB+SIZor+savrnYKs g1Wo1g0UGr4HuX2hw0+Aw0Ad5ZV+SlwamBs1m 4AJGADzccTPCjPQMDfQMA02UHaygUcHBIM2gx KABDG9zBgcGD4YAhlCgvb0Mmxn2MOxl4mMyYb JmsoUoZWKE6hFmQAFMbgDFspYj</latexit><latexit sha1_base6 4="EHE9UzTpQkQiOgSs1FwXyEw07fs=">AAAC jHicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHL yAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpakl mSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCym pLEiNzU1Mz8tMy0xOLAEKxQuoaxhqKtQZ61nW VccU5Sr4VhbVKsToKGgY6FkolMSDxdLSajUV4 gWUDfQsLS0tLMwUDPUMwEABImJiABdRZoCCgH yB5QwxDCkM+QzJDKUMuQypDHkMJUB2DkMiQz EQRjMYMhgwFADFYhmqgWJFQFYmWD6VoZaBC6i 3FKgqFagiESiaDSTTgbxoqGgekA8ysxisOxlo Sw4QFwF1KjCoGlw1WGnw2eCEwWqDlwZ/cJpVD TYD5JZKIJ0E0ZtaEM/fJRH8naCuXCBdwpCB0I XXzSUMaQwWYLdmAt1eABYB+SIZor+savrnYKs g1Wo1g0UGr4HuX2hw0+Aw0Ad5ZV+SlwamBs1m 4AJGADzccTPCjPQMDfQMA02UHaygUcHBIM2gx KABDG9zBgcGD4YAhlCgvb0Mmxn2MOxl4mMyYb JmsoUoZWKE6hFmQAFMbgDFspYj</latexit><latexit sha1_base6 4="EHE9UzTpQkQiOgSs1FwXyEw07fs=">AAAC jHicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHL yAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpakl mSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCym pLEiNzU1Mz8tMy0xOLAEKxQuoaxhqKtQZ61nW VccU5Sr4VhbVKsToKGgY6FkolMSDxdLSajUV4 gWUDfQsLS0tLMwUDPUMwEABImJiABdRZoCCgH yB5QwxDCkM+QzJDKUMuQypDHkMJUB2DkMiQz EQRjMYMhgwFADFYhmqgWJFQFYmWD6VoZaBC6i 3FKgqFagiESiaDSTTgbxoqGgekA8ysxisOxlo Sw4QFwF1KjCoGlw1WGnw2eCEwWqDlwZ/cJpVD TYD5JZKIJ0E0ZtaEM/fJRH8naCuXCBdwpCB0I XXzSUMaQwWYLdmAt1eABYB+SIZor+savrnYKs g1Wo1g0UGr4HuX2hw0+Aw0Ad5ZV+SlwamBs1m 4AJGADzccTPCjPQMDfQMA02UHaygUcHBIM2gx KABDG9zBgcGD4YAhlCgvb0Mmxn2MOxl4mMyYb JmsoUoZWKE6hFmQAFMbgDFspYj</latexit><latexit sha1_base6 4="EHE9UzTpQkQiOgSs1FwXyEw07fs=">AAAC jHicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHL yAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpakl mSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCym pLEiNzU1Mz8tMy0xOLAEKxQuoaxhqKtQZ61nW VccU5Sr4VhbVKsToKGgY6FkolMSDxdLSajUV4 gWUDfQsLS0tLMwUDPUMwEABImJiABdRZoCCgH yB5QwxDCkM+QzJDKUMuQypDHkMJUB2DkMiQz EQRjMYMhgwFADFYhmqgWJFQFYmWD6VoZaBC6i 3FKgqFagiESiaDSTTgbxoqGgekA8ysxisOxlo Sw4QFwF1KjCoGlw1WGnw2eCEwWqDlwZ/cJpVD TYD5JZKIJ0E0ZtaEM/fJRH8naCuXCBdwpCB0I XXzSUMaQwWYLdmAt1eABYB+SIZor+savrnYKs g1Wo1g0UGr4HuX2hw0+Aw0Ad5ZV+SlwamBs1m 4AJGADzccTPCjPQMDfQMA02UHaygUcHBIM2gx KABDG9zBgcGD4YAhlCgvb0Mmxn2MOxl4mMyYb JmsoUoZWKE6hFmQAFMbgDFspYj</latexit>
(2) 4.7 Myr (1.0t↵)
<latexit sha1_base64="K4w+PiZo9CvaBDO 7sz3rtTuYCWo=">AAACjHicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+ TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOL AEKxQuoaxhpKtSZ6JnXVccU5Sr4VhbVKsToKGgY6hkolMSDxdLSajUV4gWUDfQsLS0tLMwUgHJ goAARMTGAiygzQEFAvsByhhiGFIZ8hmSGUoZchlSGPIYSIDuHIZGhGAijGQwZDBgKgGKxDNVAs SIgKxMsn8pQy8AF1FsKVJUKVJEIFM0GkulAXjRUNA/IB5lZDNadDLQlB4iLgDoVGFQNrhqsNPh scMJgtcFLgz84zaoGmwFySyWQToLoTS2I5++SCP5OUFcukC5hyEDowuvmEoY0BguwWzOBbi8Ai 4B8kQzRX1Y1/XOwVZBqtZrBIoPXQPcvNLhpcBjog7yyL8lLA1ODZjNwASMAHu64GWFGeoYGeoa BJsoOVtCo4GCQZlBi0ACGtzmDA4MHQwBDKNDeXobNDHsY9jLxMZkwWTPZQpQyMUL1CDOgACY3 ALdhlhw=</latexit><latexit sha1_base64="K4w+PiZo9CvaBDO 7sz3rtTuYCWo=">AAACjHicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+ TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOL AEKxQuoaxhpKtSZ6JnXVccU5Sr4VhbVKsToKGgY6hkolMSDxdLSajUV4gWUDfQsLS0tLMwUgHJ goAARMTGAiygzQEFAvsByhhiGFIZ8hmSGUoZchlSGPIYSIDuHIZGhGAijGQwZDBgKgGKxDNVAs SIgKxMsn8pQy8AF1FsKVJUKVJEIFM0GkulAXjRUNA/IB5lZDNadDLQlB4iLgDoVGFQNrhqsNPh scMJgtcFLgz84zaoGmwFySyWQToLoTS2I5++SCP5OUFcukC5hyEDowuvmEoY0BguwWzOBbi8Ai 4B8kQzRX1Y1/XOwVZBqtZrBIoPXQPcvNLhpcBjog7yyL8lLA1ODZjNwASMAHu64GWFGeoYGeoa BJsoOVtCo4GCQZlBi0ACGtzmDA4MHQwBDKNDeXobNDHsY9jLxMZkwWTPZQpQyMUL1CDOgACY3 ALdhlhw=</latexit><latexit sha1_base64="K4w+PiZo9CvaBDO 7sz3rtTuYCWo=">AAACjHicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+ TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOL AEKxQuoaxhpKtSZ6JnXVccU5Sr4VhbVKsToKGgY6hkolMSDxdLSajUV4gWUDfQsLS0tLMwUgHJ goAARMTGAiygzQEFAvsByhhiGFIZ8hmSGUoZchlSGPIYSIDuHIZGhGAijGQwZDBgKgGKxDNVAs SIgKxMsn8pQy8AF1FsKVJUKVJEIFM0GkulAXjRUNA/IB5lZDNadDLQlB4iLgDoVGFQNrhqsNPh scMJgtcFLgz84zaoGmwFySyWQToLoTS2I5++SCP5OUFcukC5hyEDowuvmEoY0BguwWzOBbi8Ai 4B8kQzRX1Y1/XOwVZBqtZrBIoPXQPcvNLhpcBjog7yyL8lLA1ODZjNwASMAHu64GWFGeoYGeoa BJsoOVtCo4GCQZlBi0ACGtzmDA4MHQwBDKNDeXobNDHsY9jLxMZkwWTPZQpQyMUL1CDOgACY3 ALdhlhw=</latexit><latexit sha1_base64="K4w+PiZo9CvaBDO 7sz3rtTuYCWo=">AAACjHicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+ TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOL AEKxQuoaxhpKtSZ6JnXVccU5Sr4VhbVKsToKGgY6hkolMSDxdLSajUV4gWUDfQsLS0tLMwUgHJ goAARMTGAiygzQEFAvsByhhiGFIZ8hmSGUoZchlSGPIYSIDuHIZGhGAijGQwZDBgKgGKxDNVAs SIgKxMsn8pQy8AF1FsKVJUKVJEIFM0GkulAXjRUNA/IB5lZDNadDLQlB4iLgDoVGFQNrhqsNPh scMJgtcFLgz84zaoGmwFySyWQToLoTS2I5++SCP5OUFcukC5hyEDowuvmEoY0BguwWzOBbi8Ai 4B8kQzRX1Y1/XOwVZBqtZrBIoPXQPcvNLhpcBjog7yyL8lLA1ODZjNwASMAHu64GWFGeoYGeoa BJsoOVtCo4GCQZlBi0ACGtzmDA4MHQwBDKNDeXobNDHsY9jLxMZkwWTPZQpQyMUL1CDOgACY3 ALdhlhw=</latexit>
(3) 5.7 Myr (1.2t↵)
<latexit sha1_base64="cydEJxAdf8Er4R9XYj2DIFlIBk0=">AAACjHicSyrIySwuMTC4yc jEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQuoaxhrKtSZ6pnXVccU5Sr4VhbVKsToKG gY6hkplMSDxdLSajUV4gWUDfQsLS0tLMwUDPUMwEABImJiABdRZoCCgHyB5QwxDCkM+QzJDKUMuQypDHkMJUB2DkMiQzEQRjMYMhgwFADFYhmqgWJFQFYmWD6VoZaBC6i3FKgqFagiESiaDSTTgb xoqGgekA8ysxisOxloSw4QFwF1KjCoGlw1WGnw2eCEwWqDlwZ/cJpVDTYD5JZKIJ0E0ZtaEM/fJRH8naCuXCBdwpCB0IXXzSUMaQwWYLdmAt1eABYB+SIZor+savrnYKsg1Wo1g0UGr4HuX2hw0+ Aw0Ad5ZV+SlwamBs1m4AJGADzccTPCjPQMDfQMA02UHaygUcHBIM2gxKABDG9zBgcGD4YAhlCgvb0Mmxn2MOxl4mMyYbJmsoUoZWKE6hFmQAFMbgC/wZYg</latexit><latexit sha1_base64="cydEJxAdf8Er4R9XYj2DIFlIBk0=">AAACjHicSyrIySwuMTC4yc jEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQuoaxhrKtSZ6pnXVccU5Sr4VhbVKsToKG gY6hkplMSDxdLSajUV4gWUDfQsLS0tLMwUDPUMwEABImJiABdRZoCCgHyB5QwxDCkM+QzJDKUMuQypDHkMJUB2DkMiQzEQRjMYMhgwFADFYhmqgWJFQFYmWD6VoZaBC6i3FKgqFagiESiaDSTTgb xoqGgekA8ysxisOxloSw4QFwF1KjCoGlw1WGnw2eCEwWqDlwZ/cJpVDTYD5JZKIJ0E0ZtaEM/fJRH8naCuXCBdwpCB0IXXzSUMaQwWYLdmAt1eABYB+SIZor+savrnYKsg1Wo1g0UGr4HuX2hw0+ Aw0Ad5ZV+SlwamBs1m4AJGADzccTPCjPQMDfQMA02UHaygUcHBIM2gxKABDG9zBgcGD4YAhlCgvb0Mmxn2MOxl4mMyYbJmsoUoZWKE6hFmQAFMbgC/wZYg</latexit><latexit sha1_base64="cydEJxAdf8Er4R9XYj2DIFlIBk0=">AAACjHicSyrIySwuMTC4yc jEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQuoaxhrKtSZ6pnXVccU5Sr4VhbVKsToKG gY6hkplMSDxdLSajUV4gWUDfQsLS0tLMwUDPUMwEABImJiABdRZoCCgHyB5QwxDCkM+QzJDKUMuQypDHkMJUB2DkMiQzEQRjMYMhgwFADFYhmqgWJFQFYmWD6VoZaBC6i3FKgqFagiESiaDSTTgb xoqGgekA8ysxisOxloSw4QFwF1KjCoGlw1WGnw2eCEwWqDlwZ/cJpVDTYD5JZKIJ0E0ZtaEM/fJRH8naCuXCBdwpCB0IXXzSUMaQwWYLdmAt1eABYB+SIZor+savrnYKsg1Wo1g0UGr4HuX2hw0+ Aw0Ad5ZV+SlwamBs1m4AJGADzccTPCjPQMDfQMA02UHaygUcHBIM2gxKABDG9zBgcGD4YAhlCgvb0Mmxn2MOxl4mMyYbJmsoUoZWKE6hFmQAFMbgC/wZYg</latexit><latexit sha1_base64="cydEJxAdf8Er4R9XYj2DIFlIBk0=">AAACjHicSyrIySwuMTC4yc jEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQuoaxhrKtSZ6pnXVccU5Sr4VhbVKsToKG gY6hkplMSDxdLSajUV4gWUDfQsLS0tLMwUDPUMwEABImJiABdRZoCCgHyB5QwxDCkM+QzJDKUMuQypDHkMJUB2DkMiQzEQRjMYMhgwFADFYhmqgWJFQFYmWD6VoZaBC6i3FKgqFagiESiaDSTTgb xoqGgekA8ysxisOxloSw4QFwF1KjCoGlw1WGnw2eCEwWqDlwZ/cJpVDTYD5JZKIJ0E0ZtaEM/fJRH8naCuXCBdwpCB0IXXzSUMaQwWYLdmAt1eABYB+SIZor+savrnYKsg1Wo1g0UGr4HuX2hw0+ Aw0Ad5ZV+SlwamBs1m4AJGADzccTPCjPQMDfQMA02UHaygUcHBIM2gxKABDG9zBgcGD4YAhlCgvb0Mmxn2MOxl4mMyYbJmsoUoZWKE6hFmQAFMbgC/wZYg</latexit>
(4) 6.7 Myr (1.4t↵)
<latexit sha1_base64="hJ46PXzAhdQXN9hd61z0QtQCKNA=">AAACjHicSyrIySwuMTC4yc jEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQuoa5hoKtSZ6ZnXVccU5Sr4VhbVKsToKG gY6pkolMSDxdLSajUV4gWUDfQsLS0tLMwUDPUMwEABImJiABdRZoCCgHyB5QwxDCkM+QzJDKUMuQypDHkMJUB2DkMiQzEQRjMYMhgwFADFYhmqgWJFQFYmWD6VoZaBC6i3FKgqFagiESiaDSTTgb xoqGgekA8ysxisOxloSw4QFwF1KjCoGlw1WGnw2eCEwWqDlwZ/cJpVDTYD5JZKIJ0E0ZtaEM/fJRH8naCuXCBdwpCB0IXXzSUMaQwWYLdmAt1eABYB+SIZor+savrnYKsg1Wo1g0UGr4HuX2hw0+ Aw0Ad5ZV+SlwamBs1m4AJGADzccTPCjPQMDfQMA02UHaygUcHBIM2gxKABDG9zBgcGD4YAhlCgvb0Mmxn2MOxl4mMyYbJmsoUoZWKE6hFmQAFMbgDIIZYk</latexit><latexit sha1_base64="hJ46PXzAhdQXN9hd61z0QtQCKNA=">AAACjHicSyrIySwuMTC4yc jEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQuoa5hoKtSZ6ZnXVccU5Sr4VhbVKsToKG gY6pkolMSDxdLSajUV4gWUDfQsLS0tLMwUDPUMwEABImJiABdRZoCCgHyB5QwxDCkM+QzJDKUMuQypDHkMJUB2DkMiQzEQRjMYMhgwFADFYhmqgWJFQFYmWD6VoZaBC6i3FKgqFagiESiaDSTTgb xoqGgekA8ysxisOxloSw4QFwF1KjCoGlw1WGnw2eCEwWqDlwZ/cJpVDTYD5JZKIJ0E0ZtaEM/fJRH8naCuXCBdwpCB0IXXzSUMaQwWYLdmAt1eABYB+SIZor+savrnYKsg1Wo1g0UGr4HuX2hw0+ Aw0Ad5ZV+SlwamBs1m4AJGADzccTPCjPQMDfQMA02UHaygUcHBIM2gxKABDG9zBgcGD4YAhlCgvb0Mmxn2MOxl4mMyYbJmsoUoZWKE6hFmQAFMbgDIIZYk</latexit><latexit sha1_base64="hJ46PXzAhdQXN9hd61z0QtQCKNA=">AAACjHicSyrIySwuMTC4yc jEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQuoa5hoKtSZ6ZnXVccU5Sr4VhbVKsToKG gY6pkolMSDxdLSajUV4gWUDfQsLS0tLMwUDPUMwEABImJiABdRZoCCgHyB5QwxDCkM+QzJDKUMuQypDHkMJUB2DkMiQzEQRjMYMhgwFADFYhmqgWJFQFYmWD6VoZaBC6i3FKgqFagiESiaDSTTgb xoqGgekA8ysxisOxloSw4QFwF1KjCoGlw1WGnw2eCEwWqDlwZ/cJpVDTYD5JZKIJ0E0ZtaEM/fJRH8naCuXCBdwpCB0IXXzSUMaQwWYLdmAt1eABYB+SIZor+savrnYKsg1Wo1g0UGr4HuX2hw0+ Aw0Ad5ZV+SlwamBs1m4AJGADzccTPCjPQMDfQMA02UHaygUcHBIM2gxKABDG9zBgcGD4YAhlCgvb0Mmxn2MOxl4mMyYbJmsoUoZWKE6hFmQAFMbgDIIZYk</latexit><latexit sha1_base64="hJ46PXzAhdQXN9hd61z0QtQCKNA=">AAACjHicSyrIySwuMTC4yc jEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQuoa5hoKtSZ6ZnXVccU5Sr4VhbVKsToKG gY6pkolMSDxdLSajUV4gWUDfQsLS0tLMwUDPUMwEABImJiABdRZoCCgHyB5QwxDCkM+QzJDKUMuQypDHkMJUB2DkMiQzEQRjMYMhgwFADFYhmqgWJFQFYmWD6VoZaBC6i3FKgqFagiESiaDSTTgb xoqGgekA8ysxisOxloSw4QFwF1KjCoGlw1WGnw2eCEwWqDlwZ/cJpVDTYD5JZKIJ0E0ZtaEM/fJRH8naCuXCBdwpCB0IXXzSUMaQwWYLdmAt1eABYB+SIZor+savrnYKsg1Wo1g0UGr4HuX2hw0+ Aw0Ad5ZV+SlwamBs1m4AJGADzccTPCjPQMDfQMA02UHaygUcHBIM2gxKABDG9zBgcGD4YAhlCgvb0Mmxn2MOxl4mMyYbJmsoUoZWKE6hFmQAFMbgDIIZYk</latexit>
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Figure 1. The cloud dispersal and formation of the star cluster for the fiducial model with (Mcl, Rcl, Z) = (105 M, 20 pc, 1Z). We plot
the surface density, temperature (on a slice) and the column densities of H2 and CO molecules from top to bottom. The four panels at
each row show the snapshots at the epochs of t = 3.9, 4.7, 5.7 and 6.3 Myr. The black dots represent the positions of the star cluster
particles.
The SFE is 5 percent and smaller than that for Z = 1 Z by
a factor of ∼ 3. He et al. (2019) also performed one simula-
tion run assuming Z = 1/40 Z, and they obtained a similar
reduction rate of the SFE.
3.1.3 Radiation pressure on dust grains
In Section 3.1.1 and 3.1.2, we have seen that the ex-
pansion of Hii regions quenches star formation while the ra-
diation pressure on dust grains also affects the gas motion.
Here, we investigate the individual effects of photoionization
and radiation pressure on star formation separately. Figure
6 shows the time evolution of total stellar masses in the cases
where we only consider either photoionization (M5R20Z0PI,
dashed line) or radiation pressure (M5R20Z0RP, dot-dashed
line). With only photoionization, star formation starts at
∼ 4.5 Myr, and continues until ∼ 7 Myr. The star formation
history is almost the same as in the fiducial case, where we
include both photoionization and radiation pressure effects.
On the other hand, with only radiation pressure effect the
SFE is very high exceeding 0.8. This result demonstrates
that the photoionization feedback plays the leading role in
regulating star formation. As given in Equation (8), the ki-
netic energy of turbulent motion is less than the gravita-
tional binding energy in the initial condition. Then, the star
clusters appear in the central region of the cloud, and the gas
accretes onto the central star-forming regions in a spherical
symmetric fashion, as shown in Figure 1. In such a situa-
tion, the supply of gas is suppressed if the momentum flux
of radiation exceeds that of the inflow (Wolfire & Cassinelli
MNRAS 000, 1–17 (2019)
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(1) 3.9 Myr (0.8t↵)
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(2) 4.7 Myr (1.0t↵)
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Figure 2. 3D volume rendering of the density field, together with the ionization fronts (green surface) where the ionization degree is
0.8, for the same case as in Figure 1 with (Mcl, Rcl, Z) = (105M, 20pc, 1Z). Each panel shows the snapshot at the same epochs as in
Figure 1. The white dots in the panel (4) represent the positions of the star cluster particles. The box size is 40 pc on a side.
1987),
L∗
4piR2c
> ρu2, (9)
where L∗, R and u are total stellar luminosity, the distance
from the star-forming region and the infall velocity of the
gas. Here, we assume that the infall velocity to the star
cluster is the free-fall velocity as u =
√
2GM∗/R where M∗
is the total stellar mass. Using the relation between the stel-
lar mass and luminosity L∗ = l∗M∗ where the factor of pro-
portionality l∗ = 1.2 × 103 LM−1 estimated in Section 2.2,
Equation (9) becomes
R <
l∗
8piGcµmHnH
= 0.65 pc
(
nH
104 cm−3
)−1
, (10)
where µ is the mean molecular weight. Equation (10) shows
that radiation pressure is effective only to very dense fila-
ments (nH ∼ 104 cm−3) falling within ∼ 1 pc of a star clus-
ter. Thus the impact of radiation pressure depends on the
distribution of the gas and stars. In our simulations, the
dense filaments fragment into clumps, which then collapse
into stars before reaching ∼ 1 pc from pre-existing massive
stars. This explains why the radiation pressure effect is so
weak. Note that the above argument is only applicable for
limited cases where the whole cloud collapses nearly spheri-
cally owing to relatively weak initial turbulent support. Kim
et al. (2018) showed that with only the radiation pressure
feedback the SFE is reduced to ' 0.2 assuming α0 = 2.0 in-
stead of our value α0 = 0.5. In such a case, the whole cloud
is more violently disrupted by the stronger turbulence and
the evolution is no longer approximated with the spherical
collapse as in Equation (9).
If Z  1 Z, the cloud is not optically thick (see also,
sec. 4.2), and the radiation pressure has little impact. Thus,
we take only the photoionization feedback into account in
developing a semi-analytical model in Section 4.
3.2 Variations among models with different cloud
properties
3.2.1 Star formation efficiency
For the models with various Mcl, Rcl and Z, we obtain
the SFE ∗ ≡ M∗/Mcl from the simulations, where M∗ is the
final total stellar mass. Figure 7 shows the SFE as a function
of the initial surface density of the clouds. The SFE increases
with the surface density, consistently with previous studies
(e.g., Raskutti et al. 2016; Kim et al. 2018; He et al. 2019).
For the case with Z = 1 Z, the SFE increases from 2 to
30 percent as Σ increases from 8 to 300 Mpc−2. At each
metallicity, the SFE is well approximated by a power-law
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Figure 3. The time evolution of the mass of each component in
the cluster-forming clouds with mass Mcl = 105M, radius Rcl =
20pc, and metallicity Z = 1Z (top) and 10−2Z (bottom). Each
line represents the total stellar mass M∗ (black), neutral gas mass
Mn (blue), H2 molecule mass (orange) and ionized gas mass MHII
(green). The filled circles mark the four epochs for which we show
the snapshots in Figures 1 and 2.
function of the surface density except for the case with the
lowest surface density (Σ ∼ 8 Mpc−2).
The SFE also increases with the metallicity. This is be-
cause the photoionization feedback that disrupts the star-
forming clouds becomes stronger at lower metallicity from
the following two reasons. Firstly, the temperature in the
Hii regions, where the main coolant is the metal lines of Oii
and Oiii (Osterbrock & Ferland 2006), is higher in lower-
metallicity cases: its typical value increases from 9 × 103 K
at Z = 1 Z to 2.0 × 104 K at Z = 10−2 Z. The resultant
higher pressure causes more rapid expansion of the Hii re-
gions and thus stronger feedback to the star-forming clouds.
Secondly, the ionizing photons are less attenuated by dust
grains in lower-metallicity cases. As discussed in Section 3.1,
in the case with Z = 1 Z, the star-forming filaments can sur-
vive even after the Hii regions begin to expand because dust
grains shield the neutral gas from the photoionization. For
the case with Z = 10−2 Z, however, the filaments are easily
photoionized and soon disrupted. From the reasons above,
the duration of star formation is short, and thus the SFE is
low in lower-metallicity environments. The dust shielding of
the filaments will be discussed analytically in Section 4.2.
3.2.2 Lifetime of the clouds
In Figure 8, we show the lifetime of cluster-forming
clouds tlife as a function of the surface density. In the numer-
ical simulations, we define the cloud lifetime as elapsed time
since the start of the simulations until the total stellar mass
reaches 90 percent of the final value. In low surface-density
cases with Σ . 30 Mpc−2, the duration of the star forma-
tion is much shorter than the free-fall time of the clouds,
and hence the lifetime is almost equal to the latter. In high
surface-density cases with Σ & 70 Mpc−2, however, the life-
time is slightly longer than the free-fall time because of the
longer expansion time of the Hii regions.
3.3 Evolution of cluster particles
The early evolution of newborn star clusters depends on
the initial cloud surface-density and metallicity. In a more
compact and higher-metallicity cloud, the SFE and the total
stellar mass are higher. Thus the star cluster formed there
tends to remain gravitationally bound. In our case, the star
clusters remain gravitationally bound until the end of the
simulation only in cases with metallicity Z = 1 Z and with
initial surface density Σ & 80 Mpc−2. In Figure 9, the time
evolution of the half-mass radius of the star clusters formed
in our simulations is shown in some cases. In the case with
(Mcl, Rcl, Z) = (105 M, 20 pc, 1Z), where Σ ' 80 Mpc−2,
the half-mass radius remains constant at 1.5 pc (∼ 0.075 Rcl)
after the quenching of the star formation, and the star clus-
ters remain gravitationally bound. We see that even with the
same Σ, the clusters finally dissolve at lower metallicities. In
other cases with Σ ' 32 Mpc−2, the half-mass radii increase
monotonously and the star clusters become unbound regard-
less of Σ. In these cases, the timescale of dissolving the clus-
ters corresponds to that of the Hii-region expansion. Before
the disruption of the clouds, the star cluster is trapped in
the central region due to the gravitational potential of the
gas. However, it becomes shallower after the Hii-region ex-
pansion and the star cluster comes apart if the gravitational
binding is not sufficient, as shown in Figure 9. Although we
use the approximate method with which the sink particles
also represent clusters with very small mass in our simu-
lations, the above trend may be consistent with the high
”infant mortality” of embedded clusters (e.g., Lada & Lada
2003).
In Figure 10, the mass distribution of the cluster par-
ticles are shown for cases with metallicities Z = 1 Z and
10−2 Z. We see that the mass spectrum at Z = 10−2 Z is
much flatter than that at Z = 1 Z. The mass distribution
at Z = 1 Z is well fitted by a power-law dN/dM∗ ∝ M−2∗ ,
which is consistent with observed mass functions of nearby
open and young massive clusters (e.g., Portegies Zwart et al.
2010; Krumholz et al. 2019). We argue that this depen-
dence on metallicity comes from how tight the system is
gravitationally bound. In the case with Z = 10−2 Z, the
cluster particles are only loosely bound at birth and im-
mediately dissolve through the cloud dispersal as described
above. Mergers between cluster particles hardly occur. We
have confirmed that, although not presented, the flat mass
distribution is broadly observed in the other cases where
the particles become unbound after the cloud dispersal. At
Z = 1 Z, on the other hand, the cluster particles are more
tightly bound for long enough time, resulting in more fre-
quent merger events. It appears that the power-law mass
distribution is a result of such difference in the evolution.
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<latexit sha1_base64="WkDPpCuZlUjbLkaz+FyuRgK2FqQ=">AAACanichVFNLwNBGH66vqo+WnUhLqIqTs27SI hTw8VRS1sJ1eyuURvb3c3utglN/4Cbk4QTiYj4GS7+gIOfINwqcXHwdruJ0OCdzMwzz7zPO8/MqLahux7RU0jq6u7p7Qv3RwYGh4ajsZF43rWqjiZymmVYzpaquMLQTZHzdM8QW7YjlIpqiIJ6uNraL9SE4+qWuekd2aJYUcqmvq9risdU QabdurzUKMUSlCI/JjuBHIAEgli3YjfYwR4saKiiAgETHmMDClxu25BBsJkros6cw0j39wUaiLC2ylmCMxRmD3ks82o7YE1et2q6vlrjUwzuDisnkaRHuqUmPdAdPdPHr7Xqfo2WlyOe1bZW2KXoydjG+7+qCs8eDr5Uf3r2sI8l36vO3m 2fad1Ca+trx2fNjeVssj5DV/TC/i/pie75BmbtTbvOiOwFIvwB8s/n7gT5uZQ8n5rLLCTSK8FXhDGBKczyey8ijTWsI+e7O8U5LkKvUlwalybaqVIo0IziW0jTny3ci+A=</latexit>
1017
<latexit sha1_base64="76Sz1K1o3AZ609QgqKJXAHVsygI=">AAACanichVHLSsNAFD2Nr1pftW6UbsSquCo3Vai4 KrpxaVtrC/VBEkcNTZOQpIVa+gPuXAm6UhARP8ONP+DCTxDdKbhx4W0aEBX1DjNz5sw9d87MqLahux7RQ0jq6u7p7Qv3RwYGh4ZHoqOxDdeqOZooaJZhOSVVcYWhm6Lg6Z4hSrYjlKpqiKJaWWnvF+vCcXXLXPcattiqKvumvqdrisdUUabtppxu 7UQTlCQ/Jn8COQAJBLFmRa+wiV1Y0FBDFQImPMYGFLjcypBBsJnbQpM5h5Hu7wu0EGFtjbMEZyjMVnjc51U5YE1et2u6vlrjUwzuDisnMUP3dE0vdEc39Ejvv9Zq+jXaXho8qx2tsHdGjsbzb/+qqjx7OPhU/enZwx4Wfa86e7d9pn0LraOvH568 5JdyM81ZuqAn9n9OD3TLNzDrr9plVuTOEOEPkL8/90+wkUrK88lUdiGRWQ6+Iow4pjDH751GBqtYQ8F3d4xTnIWepZg0IcU7qVIo0IzhS0jTHyvbi98=</latexit>
1016
<latexit sha1_base64="c5NtTR2XYjYAto4c/DEQKj2EZ3A=">AAACanichVG7SgNBFD1Z3/EVY6PYiFGxCnejqF gFbSwTY4zgi911okv2xe4moIs/YGclmEpBRPwMG3/Awk8Q7RRsLLzZLIiKeoeZOXPmnjtnZlTH0D2f6CEmtbS2tXd0dsW7e3r7+hMDyTXPrrqaKGq2YbvrquIJQ7dE0dd9Q6w7rlBM1RAltbLU2C/VhOvptrXqHzhiy1T2LL2sa4rPVEmm 7UCePdpJpChNYYz+BHIEUogiZyeusIld2NBQhQkBCz5jAwo8bhuQQXCY20LAnMtID/cFjhBnbZWzBGcozFZ43OPVRsRavG7U9EK1xqcY3F1WjmKC7umaXuiObuiR3n+tFYQ1Gl4OeFabWuHs9B8PFd7+VZk8+9j/VP3p2UcZ86FXnb07Id O4hdbU1w5PXwoLKxPBJF3QE/s/pwe65RtYtVftMi9W6ojzB8jfn/snWMuk5el0Jj+Tyi5GX9GJEYxhit97DlksI4di6O4EZ6jHnqWkNCyNNFOlWKQZxJeQxj8AKdqL3g==</latexit>
1015
<latexit sha1_base64="gSKrKitYrCWdRSqsSPH5iIIuDHA=">AAACanic hVHLSsNAFD2N7/porRvFTbEqrsqNDyyuBDcu66Ot4IskjjWYJiFJCxr8AXeuBLtSEBE/w40/4KKfILqr4MaFN2lAVNQ7zMyZM/fcOTOj2obuekSNmNTW3tH Z1d0T7+3rH0gkB1NF16o6miholmE5G6riCkM3RcHTPUNs2I5QKqohSurhUrBfqgnH1S1z3TuyxXZFKZv6vq4pHlMlmXZ8ee5kN5mhLIWR/gnkCGQQRd5K3m ALe7CgoYoKBEx4jA0ocLltQgbBZm4bPnMOIz3cFzhBnLVVzhKcoTB7yGOZV5sRa/I6qOmGao1PMbg7rExjgh7plpr0QHf0RO+/1vLDGoGXI57VllbYu4nT 4bW3f1UVnj0cfKr+9OxhH7nQq87e7ZAJbqG19LXj8+bawuqEP0lX9Mz+L6lB93wDs/aqXa+I1Tri/AHy9+f+CYrTWXkmO70ym1nMRV/RjVGMYYrfex6LWEY ehdDdGS5Qj71IKWlEGm2lSrFIM4QvIY1/ACTXi9M=</latexit>
1014
<latexit sha1_base64="jMTpQvpBvW8UQ2jge9DvjMW+j4c=">AAACanichVH LSsNAFD2N7/porRulm2KtuCo3VbC4Ety4tK21BR8liVMNTZOQpAUt/oA7V4KuFETEz3DjD7jwE0R3Cm5ceJsGRIt6h5k5c+aeO2dmVNvQXY/oMST19Pb1DwwOhYd HRsci0fHYhms1HE0UNcuwnLKquMLQTVH0dM8QZdsRSl01REmtrbT3S03huLplrnsHttiuK3umXtU1xWOqJNNOS144qkSTlCY/Et1ADkASQaxZ0WtsYRcWNDRQh4A Jj7EBBS63Tcgg2Mxto8Wcw0j39wWOEGZtg7MEZyjM1njc49VmwJq8btd0fbXGpxjcHVYmkKIHuqFXuqdbeqKPX2u1/BptLwc8qx2tsCuR48nC+7+qOs8e9r9Uf3r 2UEXW96qzd9tn2rfQOvrm4elrYSmfas3SJT2z/wt6pDu+gdl8065yIn+OMH+A/PO5u8FGJi3PpzO5heRyNviKQcQxjTl+70UsYxVrKPruTnCG89CLFJOmpHgnVQoF mgl8C2nmEyLWi9I=</latexit>
(1) 3.8 Myr (0.8t↵)
<latexit sha1_base6 4="q1Rk14vyalGo+SF6ljKRFrEGO5k=">AAAC jHicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHL yAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpakl mSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCym pLEiNzU1Mz8tMy0xOLAEKxQuoaxhqKtQZ61nU VccU5Sr4VhbVKsToKGgY6FkolMSDxdLSajUV4 gWUDfQsLS0tLMwUDPUMwEABImJiABdRZoCCgH yB5QwxDCkM+QzJDKUMuQypDHkMJUB2DkMiQz EQRjMYMhgwFADFYhmqgWJFQFYmWD6VoZaBC6i 3FKgqFagiESiaDSTTgbxoqGgekA8ysxisOxlo Sw4QFwF1KjCoGlw1WGnw2eCEwWqDlwZ/cJpVD TYD5JZKIJ0E0ZtaEM/fJRH8naCuXCBdwpCB0I XXzSUMaQwWYLdmAt1eABYB+SIZor+savrnYKs g1Wo1g0UGr4HuX2hw0+Aw0Ad5ZV+SlwamBs1m 4AJGADzccTPCjPQMDfQMA02UHaygUcHBIM2gx KABDG9zBgcGD4YAhlCgvb0Mmxn2MOxl4mMyYb JmsoUoZWKE6hFmQAFMbgDDk5Yi</latexit><latexit sha1_base6 4="q1Rk14vyalGo+SF6ljKRFrEGO5k=">AAAC jHicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHL yAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpakl mSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCym pLEiNzU1Mz8tMy0xOLAEKxQuoaxhqKtQZ61nU VccU5Sr4VhbVKsToKGgY6FkolMSDxdLSajUV4 gWUDfQsLS0tLMwUDPUMwEABImJiABdRZoCCgH yB5QwxDCkM+QzJDKUMuQypDHkMJUB2DkMiQz EQRjMYMhgwFADFYhmqgWJFQFYmWD6VoZaBC6i 3FKgqFagiESiaDSTTgbxoqGgekA8ysxisOxlo Sw4QFwF1KjCoGlw1WGnw2eCEwWqDlwZ/cJpVD TYD5JZKIJ0E0ZtaEM/fJRH8naCuXCBdwpCB0I XXzSUMaQwWYLdmAt1eABYB+SIZor+savrnYKs g1Wo1g0UGr4HuX2hw0+Aw0Ad5ZV+SlwamBs1m 4AJGADzccTPCjPQMDfQMA02UHaygUcHBIM2gx KABDG9zBgcGD4YAhlCgvb0Mmxn2MOxl4mMyYb JmsoUoZWKE6hFmQAFMbgDDk5Yi</latexit><latexit sha1_base6 4="q1Rk14vyalGo+SF6ljKRFrEGO5k=">AAAC jHicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHL yAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpakl mSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCym pLEiNzU1Mz8tMy0xOLAEKxQuoaxhqKtQZ61nU VccU5Sr4VhbVKsToKGgY6FkolMSDxdLSajUV4 gWUDfQsLS0tLMwUDPUMwEABImJiABdRZoCCgH yB5QwxDCkM+QzJDKUMuQypDHkMJUB2DkMiQz EQRjMYMhgwFADFYhmqgWJFQFYmWD6VoZaBC6i 3FKgqFagiESiaDSTTgbxoqGgekA8ysxisOxlo Sw4QFwF1KjCoGlw1WGnw2eCEwWqDlwZ/cJpVD TYD5JZKIJ0E0ZtaEM/fJRH8naCuXCBdwpCB0I XXzSUMaQwWYLdmAt1eABYB+SIZor+savrnYKs g1Wo1g0UGr4HuX2hw0+Aw0Ad5ZV+SlwamBs1m 4AJGADzccTPCjPQMDfQMA02UHaygUcHBIM2gx KABDG9zBgcGD4YAhlCgvb0Mmxn2MOxl4mMyYb JmsoUoZWKE6hFmQAFMbgDDk5Yi</latexit><latexit sha1_base6 4="q1Rk14vyalGo+SF6ljKRFrEGO5k=">AAAC jHicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHL yAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpakl mSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCym pLEiNzU1Mz8tMy0xOLAEKxQuoaxhqKtQZ61nU VccU5Sr4VhbVKsToKGgY6FkolMSDxdLSajUV4 gWUDfQsLS0tLMwUDPUMwEABImJiABdRZoCCgH yB5QwxDCkM+QzJDKUMuQypDHkMJUB2DkMiQz EQRjMYMhgwFADFYhmqgWJFQFYmWD6VoZaBC6i 3FKgqFagiESiaDSTTgbxoqGgekA8ysxisOxlo Sw4QFwF1KjCoGlw1WGnw2eCEwWqDlwZ/cJpVD TYD5JZKIJ0E0ZtaEM/fJRH8naCuXCBdwpCB0I XXzSUMaQwWYLdmAt1eABYB+SIZor+savrnYKs g1Wo1g0UGr4HuX2hw0+Aw0Ad5ZV+SlwamBs1m 4AJGADzccTPCjPQMDfQMA02UHaygUcHBIM2gx KABDG9zBgcGD4YAhlCgvb0Mmxn2MOxl4mMyYb JmsoUoZWKE6hFmQAFMbgDDk5Yi</latexit>
(2) 4.7 Myr (1.0t↵)
<latexit sha1_base64="K4w+PiZo9CvaBDO 7sz3rtTuYCWo=">AAACjHicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+ TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOL AEKxQuoaxhpKtSZ6JnXVccU5Sr4VhbVKsToKGgY6hkolMSDxdLSajUV4gWUDfQsLS0tLMwUgHJ goAARMTGAiygzQEFAvsByhhiGFIZ8hmSGUoZchlSGPIYSIDuHIZGhGAijGQwZDBgKgGKxDNVAs SIgKxMsn8pQy8AF1FsKVJUKVJEIFM0GkulAXjRUNA/IB5lZDNadDLQlB4iLgDoVGFQNrhqsNPh scMJgtcFLgz84zaoGmwFySyWQToLoTS2I5++SCP5OUFcukC5hyEDowuvmEoY0BguwWzOBbi8Ai 4B8kQzRX1Y1/XOwVZBqtZrBIoPXQPcvNLhpcBjog7yyL8lLA1ODZjNwASMAHu64GWFGeoYGeoa BJsoOVtCo4GCQZlBi0ACGtzmDA4MHQwBDKNDeXobNDHsY9jLxMZkwWTPZQpQyMUL1CDOgACY3 ALdhlhw=</latexit><latexit sha1_base64="K4w+PiZo9CvaBDO 7sz3rtTuYCWo=">AAACjHicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+ TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOL AEKxQuoaxhpKtSZ6JnXVccU5Sr4VhbVKsToKGgY6hkolMSDxdLSajUV4gWUDfQsLS0tLMwUgHJ goAARMTGAiygzQEFAvsByhhiGFIZ8hmSGUoZchlSGPIYSIDuHIZGhGAijGQwZDBgKgGKxDNVAs SIgKxMsn8pQy8AF1FsKVJUKVJEIFM0GkulAXjRUNA/IB5lZDNadDLQlB4iLgDoVGFQNrhqsNPh scMJgtcFLgz84zaoGmwFySyWQToLoTS2I5++SCP5OUFcukC5hyEDowuvmEoY0BguwWzOBbi8Ai 4B8kQzRX1Y1/XOwVZBqtZrBIoPXQPcvNLhpcBjog7yyL8lLA1ODZjNwASMAHu64GWFGeoYGeoa BJsoOVtCo4GCQZlBi0ACGtzmDA4MHQwBDKNDeXobNDHsY9jLxMZkwWTPZQpQyMUL1CDOgACY3 ALdhlhw=</latexit><latexit sha1_base64="K4w+PiZo9CvaBDO 7sz3rtTuYCWo=">AAACjHicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+ TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOL AEKxQuoaxhpKtSZ6JnXVccU5Sr4VhbVKsToKGgY6hkolMSDxdLSajUV4gWUDfQsLS0tLMwUgHJ goAARMTGAiygzQEFAvsByhhiGFIZ8hmSGUoZchlSGPIYSIDuHIZGhGAijGQwZDBgKgGKxDNVAs SIgKxMsn8pQy8AF1FsKVJUKVJEIFM0GkulAXjRUNA/IB5lZDNadDLQlB4iLgDoVGFQNrhqsNPh scMJgtcFLgz84zaoGmwFySyWQToLoTS2I5++SCP5OUFcukC5hyEDowuvmEoY0BguwWzOBbi8Ai 4B8kQzRX1Y1/XOwVZBqtZrBIoPXQPcvNLhpcBjog7yyL8lLA1ODZjNwASMAHu64GWFGeoYGeoa BJsoOVtCo4GCQZlBi0ACGtzmDA4MHQwBDKNDeXobNDHsY9jLxMZkwWTPZQpQyMUL1CDOgACY3 ALdhlhw=</latexit><latexit sha1_base64="K4w+PiZo9CvaBDO 7sz3rtTuYCWo=">AAACjHicSyrIySwuMTC4ycjEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+ TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOL AEKxQuoaxhpKtSZ6JnXVccU5Sr4VhbVKsToKGgY6hkolMSDxdLSajUV4gWUDfQsLS0tLMwUgHJ goAARMTGAiygzQEFAvsByhhiGFIZ8hmSGUoZchlSGPIYSIDuHIZGhGAijGQwZDBgKgGKxDNVAs SIgKxMsn8pQy8AF1FsKVJUKVJEIFM0GkulAXjRUNA/IB5lZDNadDLQlB4iLgDoVGFQNrhqsNPh scMJgtcFLgz84zaoGmwFySyWQToLoTS2I5++SCP5OUFcukC5hyEDowuvmEoY0BguwWzOBbi8Ai 4B8kQzRX1Y1/XOwVZBqtZrBIoPXQPcvNLhpcBjog7yyL8lLA1ODZjNwASMAHu64GWFGeoYGeoa BJsoOVtCo4GCQZlBi0ACGtzmDA4MHQwBDKNDeXobNDHsY9jLxMZkwWTPZQpQyMUL1CDOgACY3 ALdhlhw=</latexit>
(3) 5.4 Myr (1.1t↵)
<latexit sha1_base64="kdJkPpyFCZAgh8COq/2p53DEqDM=">AAACjHicSyrIySwuMTC4yc jEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQuoaxhrKtSZ6pnUVccU5Sr4VhbVKsToKG gY6hkqlMSDxdLSajUV4gWUDfQsLS0tLMwUDPUMwEABImJiABdRZoCCgHyB5QwxDCkM+QzJDKUMuQypDHkMJUB2DkMiQzEQRjMYMhgwFADFYhmqgWJFQFYmWD6VoZaBC6i3FKgqFagiESiaDSTTgb xoqGgekA8ysxisOxloSw4QFwF1KjCoGlw1WGnw2eCEwWqDlwZ/cJpVDTYD5JZKIJ0E0ZtaEM/fJRH8naCuXCBdwpCB0IXXzSUMaQwWYLdmAt1eABYB+SIZor+savrnYKsg1Wo1g0UGr4HuX2hw0+ Aw0Ad5ZV+SlwamBs1m4AJGADzccTPCjPQMDfQMA02UHaygUcHBIM2gxKABDG9zBgcGD4YAhlCgvb0Mmxn2MOxl4mMyYbJmsoUoZWKE6hFmQAFMbgC3V5Yc</latexit><latexit sha1_base64="kdJkPpyFCZAgh8COq/2p53DEqDM=">AAACjHicSyrIySwuMTC4yc jEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQuoaxhrKtSZ6pnUVccU5Sr4VhbVKsToKG gY6hkqlMSDxdLSajUV4gWUDfQsLS0tLMwUDPUMwEABImJiABdRZoCCgHyB5QwxDCkM+QzJDKUMuQypDHkMJUB2DkMiQzEQRjMYMhgwFADFYhmqgWJFQFYmWD6VoZaBC6i3FKgqFagiESiaDSTTgb xoqGgekA8ysxisOxloSw4QFwF1KjCoGlw1WGnw2eCEwWqDlwZ/cJpVDTYD5JZKIJ0E0ZtaEM/fJRH8naCuXCBdwpCB0IXXzSUMaQwWYLdmAt1eABYB+SIZor+savrnYKsg1Wo1g0UGr4HuX2hw0+ Aw0Ad5ZV+SlwamBs1m4AJGADzccTPCjPQMDfQMA02UHaygUcHBIM2gxKABDG9zBgcGD4YAhlCgvb0Mmxn2MOxl4mMyYbJmsoUoZWKE6hFmQAFMbgC3V5Yc</latexit><latexit sha1_base64="kdJkPpyFCZAgh8COq/2p53DEqDM=">AAACjHicSyrIySwuMTC4yc jEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQuoaxhrKtSZ6pnUVccU5Sr4VhbVKsToKG gY6hkqlMSDxdLSajUV4gWUDfQsLS0tLMwUDPUMwEABImJiABdRZoCCgHyB5QwxDCkM+QzJDKUMuQypDHkMJUB2DkMiQzEQRjMYMhgwFADFYhmqgWJFQFYmWD6VoZaBC6i3FKgqFagiESiaDSTTgb xoqGgekA8ysxisOxloSw4QFwF1KjCoGlw1WGnw2eCEwWqDlwZ/cJpVDTYD5JZKIJ0E0ZtaEM/fJRH8naCuXCBdwpCB0IXXzSUMaQwWYLdmAt1eABYB+SIZor+savrnYKsg1Wo1g0UGr4HuX2hw0+ Aw0Ad5ZV+SlwamBs1m4AJGADzccTPCjPQMDfQMA02UHaygUcHBIM2gxKABDG9zBgcGD4YAhlCgvb0Mmxn2MOxl4mMyYbJmsoUoZWKE6hFmQAFMbgC3V5Yc</latexit><latexit sha1_base64="kdJkPpyFCZAgh8COq/2p53DEqDM=">AAACjHicSyrIySwuMTC4yc jEzMLKxs7BycXNw8vHLyAoFFacX1qUnBqanJ+TXxSRlFicmpOZlxpaklmSkxpRUJSamJuUkxqelO0Mkg8vSy0qzszPCympLEiNzU1Mz8tMy0xOLAEKxQuoaxhrKtSZ6pnUVccU5Sr4VhbVKsToKG gY6hkqlMSDxdLSajUV4gWUDfQsLS0tLMwUDPUMwEABImJiABdRZoCCgHyB5QwxDCkM+QzJDKUMuQypDHkMJUB2DkMiQzEQRjMYMhgwFADFYhmqgWJFQFYmWD6VoZaBC6i3FKgqFagiESiaDSTTgb xoqGgekA8ysxisOxloSw4QFwF1KjCoGlw1WGnw2eCEwWqDlwZ/cJpVDTYD5JZKIJ0E0ZtaEM/fJRH8naCuXCBdwpCB0IXXzSUMaQwWYLdmAt1eABYB+SIZor+savrnYKsg1Wo1g0UGr4HuX2hw0+ Aw0Ad5ZV+SlwamBs1m4AJGADzccTPCjPQMDfQMA02UHaygUcHBIM2gxKABDG9zBgcGD4YAhlCgvb0Mmxn2MOxl4mMyYbJmsoUoZWKE6hFmQAFMbgC3V5Yc</latexit>
(4) 5.7 Myr (1.2t↵)
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Figure 4. Same as Figure 1, but for the cloud with (Mcl, Rcl, Z) = (105 M, 20 pc, 10−2 Z). The color scales for the column densities of
H2 and CO molecules are different from those in Figure 1.
4 SEMI-ANALYTICAL ARGUMENT
4.1 Dependency of SFE on physical conditions of
clouds
As shown in the previous section, the SFE and the cloud
lifetime vary with the initial surface density and metallicity
in our simulations. In previous works, semi-analytical mod-
els have been developed to interpret the simulation results,
particularly the variation of the SFE. Kim et al. (2018) con-
sidered the total momentum of the neutral and ionized gases
ejected from photoevaporating clouds, using their simulation
results. He et al. (2019) evaluated the SFE using the star for-
mation rate and the sound crossing time of Hii regions cal-
ibrated with their simulation results, although limited only
to the case of Z = 1 Z. In this section, we construct a
new semi-analytical model in a different approach, paying
special attention to the metallicity dependence of photoion-
ization feedback. We consider the propagation time of ion-
izing front tHII as the duration of star formation because
the star formation continues until the expanding Hii bub-
bles terminate gas supply by inflows to dense star-forming
regions. Then, the total stellar mass M∗ = ∗Mcl is obtained
by multiplying tHII with the star formation rate ÛM∗. In our
model, tHII also depends on the total stellar mass of radia-
tion sources. Besides, the star formation rate ÛM∗ varies with
metallicity because the cooling time of gas becomes longer
in low-metallicity environments. Therefore, we need to cal-
culate the SFEs ∗, the propagation time tHII, and the star
formation rate ÛM∗ consistently. In the following, we consider
the conversion rate of the neutral gas to stars in order to
formulate the star formation rate ÛM∗ in Section 4.1.1. We
then construct a model for the SFE ∗ and the propagation
time tHII in Section 4.1.2.
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(2) 4.7 Myr (1.0t↵)
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Figure 5. Same as Figure 2, but for the cloud with (Mcl, Rcl, Z) = (105 M, 20 pc, 10−2 Z). Each panel shows the snapshot at the same
epoch as in Figure 4.
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Figure 6. Impact of photoionization and radiation pressure on
star formation. Each line shows the time evolution of the total
stellar mass in the cloud with (Mcl, Rcl, Z) = (105 M, 20 pc, 1 Z).
The solid line represents the fiducial case (M5R20Z0) as shown in
Figure 3. Other lines shows the cases where we only consider ei-
ther photoionization (dashed line, M5R20Z0PI) or radiation pres-
sure (dot-dashed line, M5R20Z0RP).
4.1.1 Fraction of star-forming gas around star clusters
We find that only a part of neutral gas around stars is
used for the subsequent star formation in our simulations.
We thus first estimate the amount of cold gas as a reser-
voir for the star formation. As shown in Figures 2 and 5, the
neutral and ionized regions coexist around star clusters. The
neutral gas is vulnerable to compressional heating by the ex-
panding Hii bubbles and the feedback by FUV photons is
secondary. At Z = 1 Z, those dense regions are shielded
from EUV/FUV photons by dust grains (see Sec 4.2), and
the photodissociation of molecules and photoelectric heating
are inefficient. At low-metallicities, on the other hand, UV
radiation can penetrate the clouds, but the clouds consist
of atomic gas originally, and the dust content is low. Thus,
both the photodissociation and photoelectric heating are not
important in the neutral gas around the Hii regions. Main
cooling processes are the dust cooling and line emission of
CO, Cii and Oi. From the thermal balance among these pro-
cesses, the gas temperature can be higher than a few 100 K,
depending on metallicity. With higher temperatures, the col-
lapse of a dense part is delayed until its mass exceeds the
higher value of Jeans mass by accreting more surrounding
gas. In this case, a warm gas can be evacuated due to photo-
ionization instead of collapse. Only the gas with tempera-
ture below the threshold value collapses promptly, resulting
in star formation. Here, we assume the critical temperature
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Figure 7. The star formation efficiency (SFE) as a function of the
cloud surface density Σ, mass Mcl, and metallicity Z. The symbols
represent the simulation results for the clouds with the different
radii Rcl = 10 pc (square), 20 pc (circle), and 40 pc (triangle),
and with the different masses Mcl = 105 M (filled) and 104 M
(open). The shaded stripes show our analytical estimate of the
SFE for the clouds with mass between Mcl = 104 and 105 M
given by Equation (20). The different colors represent different
metallicities of Z = 1 Z (blue), 10−1 Z (orange) and 10−2 Z
(green) for both the symbols and stripes.
Tcr = 200 K above which the gas is supposed to be heated
up due to the feedback as described above.
Next, we estimate the amount of star-forming gas. We
consider the region inside the active star-forming radius (rsf)
defined as the distance between the center of mass and the
most distant sink particle. Then we estimate the typical
mass fraction of the cold gas during the star formation by
calculating the time average weighted with the star forma-
tion rate,
Rn =
∫ t90
t10
ÛM∗(Mn/Mgas)dt∫ t90
t10
ÛM∗dt
, (11)
where Mn and Mgas are the cold, i.e., T < 200 K, and total gas
masses. In Equation (11), t10 and t90 are, respectively, the
times when the total stellar mass reaches 0.1 and 0.9 times
the final value. Figure 11 presents Rn at given metallicity
for different cloud column densities. We here exclude the
cases with the lowest Σ < 10 M pc−2 (open circles in Fig. 7)
in evaluating the mean value as those clouds are disrupted
without forming the second sink particle. We can see that Rn
at given metallicity is almost constant regardless of the sur-
face densities Σ. We find that the mean cold gas fraction 〈Rn〉
decreases with decreasing metallicity as 〈Rn〉 = 0.67, 0.36
and 0.22 at metallicity of Z = 1 Z, 10−1 Z and 10−2 Z,
respectively.
Figure 12 shows the gas mass distribution on the
number density and temperature plane for the cases with
(Mcl, Rcl) = (105 M, 20 pc) at t = tff (4.7 Myr). With Z = 1 Z,
dense star-forming gas with nH & 104 cm−3 has low tem-
perature of 30 K < T < 200 K. Most of this component is
in the molecular state. At low metallicity of Z = 10−2 Z,
on the other hand, there is few dense and cold gas with
T < 100 K because of inefficient radiative cooling. Star clus-
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Figure 8. The lifetime of star-forming clouds as a function of
the surface density. We use the same symbols and colors as in
Figure 7 to indicate the different conditions of Rcl, Mcl and Z.
The analytical estimations of the lifetime for the clouds with Mcl =
105 M (solid) and 104 M (dashed) and Z = 1 Z (blue), 10−1 Z
(orange) and 10−2 Z (green) are also shown with the lines, which
are calculated from tlife = tff + tHII with the free-fall time of the
clouds tff (shown with the black lines) and the analytical estimate
of the duration of star formation tHII,cl (Eq. 21).
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Figure 9. The time evolution of the half-mass radius Rh of the
cluster particles for the cases with (Mcl, Rcl) = (105 M, 20 pc)
(”M5R20” models, solid line) and (104 M, 10 pc) (”M4R10” mod-
els, dashed line) as a function of the time normalized by the
free fall time of the clouds tff . The initial surface density Σ is
80 M pc−2 for the former cases and 32 M pc−2 for the latter.
The line colors indicate the metallicity: Z = 1 Z (blue), 10−1 Z
(orange) and 10−2 Z (green).
ters directly form from such warm and atomic gases. The
above features are also highlighted in Figure 13, showing
the density-integrated temperature distribution for the same
cases. Two peaks at 40-50K and 100K are observable in both
cases corresponding to the different main cooling processes,
the dust and [Cii] cooling, respectively. The lower (higher)
temperature peak is higher for Z = Z (Z = 10−2 Z, re-
spectively). At Z = 10−2 Z, more neutral gas distributes
MNRAS 000, 1–17 (2019)
12 Fukushima et al.
100
101
102
N
um
b
er
of
st
ar
cl
us
te
rs ∝
M −
2
Z = Z¯
1.5 2.0 2.5 3.0 3.5 4.0
log10(M∗/M¯)
100
101
102
N
um
b
er
of
st
ar
cl
us
te
rs
Z = 10−2Z¯
Figure 10. The mass distribution of the cluster particles at the
end of the simulations. Top and bottom panels show the cases
with (Mcl, Rcl, Z) = (105M, 20pc, 1 Z) and (105M, 20pc, 10−2 Z).
The dashed line indicates the relation ∝ M−2∗ .
above 102 K owing to less efficient [Cii] cooling than in the
solar metallicity case. In each case, plenty of gas accumulates
around the peak temperature because the cooling becomes
inefficient below that. Even if the gas is not affected by heat-
ing from the newborn stars, it stays at these temperatures
for a long time. Thus, we consider the gas with T < 200 K
as the star-forming gas in both cases.
4.1.2 Star formation efficiencies
Suppose a uniform density sphere whose mass and ra-
dius are Mcl and Rcl. Here we consider dynamics of the
boundary shell of the HII region, which encloses the mass
Msh = Mcl (rsh/Rcl)3, where rsh is the radius of the shell. We
calculate the motion of the shell driven by the thermal pres-
sure as
d
dt
(Msh Ûrsh) = 8pikBTinir2sh, (12)
where Ti is the temperature of ionized gas (e.g., Matzner
2002; Hosokawa & Inutsuka 2006; Krumholz & Matzner
2009). The number density of the ionization region is given
by the balance between the ionization and recombination
rates as
ni =
(
3 fionSion
4pir3shαB
)1/2
, (13)
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Figure 11. The average fraction of the mass of the cold gas
(T < 200 K) Rn as given in Equation (11). The symbols and colors
are same as Figure 7. The dashed lines shows the averaged value
of Rn with Σ > 10 Mpc−2 (see text) at each metallicity.
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Figure 12. The gas mass distributions on the nH−T plane within
the star-forming region rsf (see text) at the epoch of t = tff . The
top and bottom panels represent the cases with (Mcl, Rcl, Z) =
(105M, 20pc, 1Z) and (105M, 20pc, 10−2Z). In each panel the
colors show the mass ratio of each bin to the total mass.
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Figure 13. The mass distribution against the temperature
within the star-forming region r < rsf at the epoch of t = tff . Plot-
ted is the mass fraction at each temperature bin ∆M/Msf , where
Msf is the total mass contained within the radius rsf . Only the
non-ionized gas is considered for the plots. The blue and orange
lines represent the cases with (Mcl, Rcl, Z) = (105M, 20pc, 1Z)
and (105M, 20pc, 10−2Z).
where Sion and αB are the emissivity of ionization pho-
tons and the recombination rate coefficient. The emissiv-
ity is proportional to the final total mass of sink particles
as Sion = s∗∗Mcl. The photon production rate per unit
mass s∗ = 8.0 × 1046 s−1 M−1 , calculated from the same
isochrone in Section 2.2. The recombination rate coefficient
is αB = 2.6 × 10−13(Ti/104 K)−0.8 cm3 s−1(Osterbrock & Fer-
land 2006). In Equation (13), we introduce the factor fion
that represents the fraction of ionizing photons used for ion-
ization of hydrogen before they are absorbed by dust. We
use the fitting function of fion obtained with the calcula-
tion of the hydrostatic structure inside Hii regions (Draine
2011). More details of fion are described in Appendix B. We
introduce the following dimensionless parameters,
x = rsh/Rcl, (14)
and
τ =
[
48pik2BT
2
i fions∗∗
αBMclRcl
]1/4
t. (15)
With these new variables and equation (13), we rewrite
equation (12) as
d
dτ
(
x3
d
dτ
x
)
= x1/2. (16)
Equation (16) has the self-similar solution x = (7τ/6)4/7
(Krumholz & Matzner 2009). The ionization front reaches
outside the cloud at x = 1. By setting x = 1, we can derive
the propagation time of the ionizing front
tHII =
6
7
[
αBMclRcl
48pik2BT
2
i fions∗∗
]1/4
. (17)
Here, we have assumed that the emissivity Sion in Equation
(13) is given with the final stellar mass. This simple approx-
imation is appropriate because of the weak dependence of
the propagation time tHII on the emissivity Sion (Eq. 17).
Assuming the star formation continues until t ' tHII, we
can estimate the total stellar mass M∗ as
M∗ = ∗Mcl = ÛM∗tHII, (18)
where ÛM∗ is the star formation rate. As the cloud collapses,
the gas accretes onto the central dense region at the rate
Mcl/tff where tff is the free-fall time of the cloud. However,
only a part of the accreted gas is converted into stars due to
stellar feedback. Regarding the fraction of cold neutral gas
Rn (Eq. 11) as the conversion rate to the star clusters, we
estimate the star formation rate as
ÛM∗ = Rn Mcltff
, (19)
where tff =
√
3pi/32Gρ. The star formation efficiency is esti-
mated from Equation (17), (18) and (19),
∗ = 0.18
(
Rn
0.67
)4/5 (
Σ
80 M pc−2
)1/2
(
Mcl
105 M
)1/10 ( Ti
104 K
)−14/25 ( fion
0.3
)−1/5
. (20)
In Figure 7, the shaded regions represent the SFEs at Mcl =
104 and 105 M. Here, we use the temperature of ionized gas
and the fraction of cold neutral gas (Ti, Rn) = (9×103 K, 0.67),
(1.6 × 104 K, 0.36) and (2 × 104 K, 0.22) at Z = 1 Z, 10−1 Z
and 10−2 Z, respectively, which are obtained from the sim-
ulations. Also, fion is calculated from Equation (B1). Note
in the dependency of SFE by Equation (20), the part of
∗ ∝ M1/10cl Σ1/2 depends on the initial cloud properties and
that of ∗ ∝ R4/5n T−14/25i f
−1/5
ion on the metallicity. As can be
seen in Figure 7, the semi-analytical model reproduces the
simulation results well. At Z = 1 Z, the analytical estimate
for the model with the lowest-Σ deviates from the numeri-
cal simulations because the conversion rate Rn decreases, as
shown in Figure 11.
Substituting Equation (20) into (17), we can obtain the
expansion time of Hii regions as
tHII = 1.3 × 106 yr
(
Rn
0.67
)−1/5 (
Σ
80 Mpc−2
)−1/4
(
Mcl
105 M
)7/20 ( Ti
104 K
)−9/25 ( fion
0.3
)−1/5
.
(21)
The lifetime of cluster-forming clouds is the sum of the free-
fall time and the expansion time of Hii regions as tlife = tff +
tHII. In Figure 8, the solid and dashed lines show the lifetime
of cluster-forming clouds estimated with Equation (21). The
analytical results coincide with the numerical ones. Because
of weaker dependence of tHII on the surface density (∝ Σ−1/4)
compared with tff(∝ Σ−1/2), the lifetime of cluster-forming
clouds becomes significantly longer than tff as Σ increases.
4.2 Conditions of dust shielding
Turbulent motions create sheet-like density fluctuations
as shown in Figures 2 and 5. These structures survive even
after the Hii region expansion in the case of Z = 1 Z
(Fig. 2-3) while they completely disappear in the case of
Z = 10−2 Z (Fig. 5-3). This difference comes from the
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fact that the optical depth of such structures against ion-
izing photons depends on metallicity as the dust grains are
the main source of opacity. In the shade of optically-thick
sheets, the gas can flow into the star-forming regions, and
the star formation continues until the sheets are disrupted
by the Hii-region expansion. Below we analytically estimate
the optical depth of such sheets and clumps, and consider
under what conditions such dense structures are protected
against UV photons by dust attenuation. This is useful to
understand the simulation results because these quantities
should be related to the metallicity-dependence of the cold
gas mass fraction Rn (Eq. 11), which is higher with higher
metallicity.
On large scales, where the turbulence is supersonic, the
turbulent velocity field dominates the cloud evolution, and
the gas accumulates into the sheet-like structures. Star for-
mation occurs after one free-fall time from the start of the
collapse. Until then, large-scale sheets are formed via the gas
swept up on the scale where the crossing time l/σ(l) is equal
to the free fall time tff :
lc = 7.4 pc
(
Rcl
20 pc
) ( α0
0.5
)
, (22)
where we use the scaling relation of velocity dispersion σ(l) ∝
l1/2 (Larson 1981), with the normalization given by σ0 =
(3α0GMcl/5Rcl)1/2 (see Eq. 8). We estimate the optical depth
of the sheet to ionizing photons with the cross section of dust
grains σd = 10−21 cm2(Z/Z) as
τsh = σdn0lc = 2.0
(
Σ
80 M pc−2
) ( α0
0.5
) ( Z
Z
)
, (23)
where n0 is the mean number density of the cluster-forming
cloud. At Z = 1 Z, the sheets are protected by photoion-
ization if the surface density is higher than 80 Mpc−2. In
other cases, such as low-surface density or low-metallicity
cases, dust attenuation becomes ineffective and the sheets
are easily photoionized.
On the small scales, where the turbulent velocity be-
comes subsonic, the critical scale is estimated by comparing
the turbulent velocity and sound speed (McKee & Ostriker
2007),
ls = 0.4 pc
(
Σ
80 M pc−2
)−1 ( α0
0.5
)−1 ( T
20 K
)
, (24)
where T is the gas temperature. At a scale smaller than ls,
if the gas cools down and starts to collapse, the turbulent
motion cannot suppress the collapse. Therefore, we consider
ls as the typical size of star-forming clumps. Given that λJ =
ls, the number density becomes
nsf = 1.9 × 104 cm−3
(
Σ
80 Mpc−2
)2 ( α0
0.5
)2 ( T
20 K
)−1
. (25)
Same as for Equation (23), optical depth of the star-forming
clouds τsf is estimated with Equation (24) and (25) as
τsf = σdnsf ls = 23
(
Σ
80 Mpc−2
) ( α0
0.5
) ( Z
Z
)
. (26)
At Z = 1 Z the clump is shielded from UV radiation from
neighboring stars. If Z  0.1 Z, the star-forming clouds are
ionized, resulting in rapid quenching of star formation.
5 SUMMARY & DISCUSSION
We have performed 3D RHD simulations to systemat-
ically study the star cluster formation and cloud disper-
sal in various environments, including very low-metallicity
cases. Our simulations include radiative feedback from mas-
sive stars, such as photoionization of hydrogen atoms, pho-
toelectric heating, and photodissociation of molecules. We
have investigated the cluster-forming clouds with different
surface densities and metallicities, Σ = 10− 300 M pc−2 and
Z = 10−2 − 1 Z. We have also developed a semi-analytical
model that reproduces well the simulation results, e.g., the
dependence of the star formation efficiency (SFE) on the
cloud surface density and metallicity. Our findings are sum-
marized as follows:
(i) Overall evolution in the simulation is qualitatively sim-
ilar among all the examined cases. As a cloud collapses,
the initial turbulent velocity field creates the dense gas fil-
aments, which fragment to form stars. As the mass in stars
increases, UV radiation from newborn massive stars creates
Hii bubbles, which expands due to its high thermal pressure
and eventually blow away surrounding non-ionized gas. Once
the radiative feedback becomes effective, the star formation
is quenched within a free-fall time. That is, the natal cloud
is promptly disrupted after the massive star formation.
(ii) At each metallicity, the SFE  increases with increasing
initial surface density Σ. At Z = 1 Z, for instance, ∗ = 0.02
for Σ = 10 M pc−2 and ∗ = 0.3 for Σ = 300 M pc−2. Those
values of a few percent for the clouds with the surface den-
sities ∼ 10 Mpc−2 are consistent with recent observations
of GMCs in a nearby galaxy (e.g., Kruijssen et al. 2019).
(iii) At low metallicity, clusters form in atomic clouds as
the molecule formation time is longer than the cooling or dy-
namical time. We have found that the SFE is systematically
lower for lower metallicity with the reduction factor ' 0.3
at Z = 10−2 Z, regardless of Σ. In low-metallicity environ-
ments, the temperature of the photoionized gas is high due
to ineffective radiative cooling and dust attenuation of ion-
izing photons. This leads to a more rapid expansion of the
Hii regions, which terminates the star formation over the
cloud in a shorter timescale. The newborn clusters are less
gravitationally bound after the cloud dispersal than those
at the solar metallicity.
(iv) To understand the dependence of SFE on cloud prop-
erties and metallicity, we have developed a semi-analytical
model that gives SFE agreeing excellently with the simula-
tion results.
CO molecules are the standard tracer of the molecu-
lar clouds, i.e., the star-forming cold gas. Since we have
consistently solved the thermal and chemical states of the
atomic and molecular gas in our simulations, we could fol-
low the time evolution of the CO-to-H2 conversion factor
of the cluster-forming clouds (e.g., Inoguchi et al. 2020), al-
though not focused above. In our simulations for Z = 1 Z,
the formation of CO and H2 molecules occurs in the dense fil-
aments, in which newborn clusters are formed. In the cases
of Z = 10−2 Z, molecule formation hardly proceeds and
the star formation occurs directly from almost atomic gas
(Krumholz 2012). Observations suggest a high value of the
CO-to-H2 conversion factor for GMCs with sub-solar metal-
licity associated with massive star-forming regions (Leroy
MNRAS 000, 1–17 (2019)
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et al. 2009). Our simulations should potentially provide such
metallicity dependence even for very metal-poor cases with
Z = 10−2 Z, which will be considered in our future studies.
Our simulations show that the cluster formation and
cloud dispersal proceed in the filamentary gas. Given that a
strong magnetic field exists in the cloud, the gas structure
will change significantly (e.g., Inoue & Inutsuka 2012; Inut-
suka et al. 2015). Also, the magnetic fields give support to
collapsing GMCs and delay the star formation (Geen et al.
2015). We plan to study the impact of magnetic fields com-
bined with the radiative feedback on star formation in GMCs
in future work.
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APPENDIX A: RADIATIVE PROCESS
As discussed in Section 2.1, we use the adoptive ray-
tracing method for radiation transfer (Abel & Wandelt
2002). In this method, we calculate the equation of radiation
transfer from each radiation source, discretizing the solid an-
gle with HEALPix (Go´rski et al. 2005). In the regions far
from the radiation sources, we split the ray to ensure that
three rays always cross each cell.
In raytracing, we calculate the column densities of
atomic hydrogen NHI, hydrogen atom NHn, H2 and CO (NH2 ,
NCO). The EUV radiation energy flux is calculated as
FEUV =
L∗,EUV
4pir2
exp[−(σHINHI + σdNHn)], (A1)
where L∗,EUV is the EUV luminosity of each radiation source.
To obtain the cross-sections of atomic hydrogen and dust
grains, we pre-calculate the frequency averaged cross-section
with the energy spectrum of radiation sources in the fre-
quency range 13.6 eV 5 hν 5 103 eV. We use the approxi-
mation formula of the cross-section for hydrogen atoms as
σHI(ν) = 6.3 × 10−18 (ν/νl)−3 cm2 (Osterbrock & Ferland
2006) where νl is the Lyman limit frequency. The cross-
sections of dust grains are given by Laor & Draine (1993),
assuming that the dust-to-gas mass ratio is 0.01 at Z = 1 Z.
We consider only the dust attenuation for the FUV light and
the continuum components as
Fi =
L∗,i
4pir2
exp[−σd,iNHn] (i = FUV, continuum), (A2)
where σi is the frequency averaged cross section in the fre-
quency range 11.2eV 5 hν 5 13.6 eV (hν 5 11.2eV) for FUV
photons (continuum components, respectively). We include
the radiation force caused by absorption on dust grains and
neutral hydrogen at the three components of the radiation
field in the hydrodynamics calculations. Note that, in our
simulations, the radiation force is secondary compared to
the photo-ionization heating.
In chemical and thermal solvers, we consider photoion-
ization (Hi and Oii), photodissociation (H2, and CO), pho-
toelectric heating and dust heating as follows.
The photoionization rates for Hi and Oii is obtained as
RHI =
∫ ∞
νl
dνσHI(ν)Fνhν , (A3)
ROII =
∫ ∞
νOII
dνσOII(ν)Fνhν , (A4)
where νl and νOII are the ionization limit frequency for Hi
and Oii. Here, we use the cross section of Hi (σHI) and Oii
(σOII) of Osterbrock & Ferland (2006).
We use the H2 photodissociation rate of Draine &
Bertoldi (1996) as Fukushima et al. (2020), considering dust
absorption and self-shielding. We estimate the photodisso-
ciation rate of CO and the photoelectric heating rate with
the same method of Nakatani et al. (2018). The photodisso-
ciation rate of CO molecules is given as (Lee et al. 1996)
RCO = GFUVpdissnCOΘ1(NCO)Θ2(NH2 )Θ3(AV), (A5)
where nCO, AV = 5.3 × 10−22NHn(Z/Z) and pdiss = 1.03 ×
10−10 s−1 are the number density of CO, the visual extinction
and the unshielded CO photodissociation rate. The strength
of FUV is represented with the averaged interstellar flux
FISRF = 1.6 × 10−3 erg cm−1 s−1 as GFUV = LFUV/(4pir2FISRF)
where LFUV is the FUV luminosity. The rates of self-
shielding , H2 shielding, and dust shielding (Θ1, Θ2 and Θ3)
are given in Tables of Lee et al. (1996).
We use the analytical formula of Bakes & Tielens (1994)
for the photoelectric heating as
Γpe = 10−24penHGFUV exp(−1.8AV)
(
Z
Z
)
, (A6)
where the exponential factor represents the dust absorption
(Nakatani et al. 2018), and pe is given with GFUV and the
number density of electron as
pe =
4.87 × 10−2
1 + 4 × 10−3γ0.73pe
+
3.65 × 10−2(T/104)0.7
1 + 2 × 10−4γpe
, (A7)
where γpe = GFUV exp(−1.8AV)
√
T/ne.
To obtain the dust temperature, we calculate the bal-
ance among the dust thermal emission, absorption of the
direct light (EUV, FUV and continuum), and energy trans-
port from gases. We use the energy transport rate between
dust grains and gases given by Hollenbach & McKee (1979).
Further details are shown in Fukushima et al. (2020).
APPENDIX B: HYDROGEN ABSORPTION
FRACTION OF IONIZING PHOTONS
In Section 4.1.2, we use the fitting formula of Draine
(2011) for a fraction of EUV photons absorbed by hydrogen
atoms in Hii regions. Draine (2011) construct the model of
the hydrostatic structure of Hii regions, including the ther-
mal pressure and radiation pressure induced by photoion-
ization and dust grains. When radiation pressure becomes
strong enough, the shell structure is formed inside the Hii
regions and the recombination of hydrogen is enhanced due
to the high density of the shell. We incorporate these dynam-
ical effects for fion, although the constant density is assumed
in Hii regions in our semi-analytical model. The fraction of
hydrogen ionization for EUV photons fion is given as
fion =
1
1 + (2/3 + AB)τd,0
+
ABτd,0
1 + Bτd,0
, (B1)
where τd,0 is the optical depth of Hii region as
τd,0 = 2.1
(
σd
10−21 cm−2
) [(
Sion
1049 s−1
) (
ni
103 cm−3
)]1/3 ( Ti
104 K
)0.28
. (B2)
In Equation (B2), Sion, ni and Ti are the emissivity of ionizing
photons, the number density and the temperature in the
Hii regions. Here, we use the cross section of dust grains
as σd = 10−21 cm−2(Z/Z). In the original formula of Draine
(2011), they use the root mean square of the number density
in Equation (B2). It is not significantly different from the
uniform density ni in our parameter setups. The parameters
of A and B are given as
A =
1
1 + 0.75γ0.65β−0.44
, (B3)
B =
0.5
1 + 0.1(γ/β)1.5 , (B4)
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where β and γ are determined by the luminosity ratio of
ionizing and non-ionizing radiation (Ln, Li) and the temper-
ature of Hii regions as
β =
Ln
Li
, (B5)
γ = 11.2
(
Ti
104 K
)1.83 ( 18 eV
< hν >
) (
σd
10−21 cm−2
)
, (B6)
In Equation (B6), we assume that the average energy of ion-
izing photons becomes < hν >= 18 eV, which is the typical
one for the stellar IMF, metallicity and age in our simula-
tions.
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